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ABSTRACT OF THE DISSERTATION

Magnetic Topological Insulators and Quantum Anomalous Hall Effect
by
Xufeng Kou
Doctor of Philosophy in Electrical Engineering
University of California, Los Angeles, 2015

Professor Kang Lung Wang, Chair

The engineering of topological surface states is a key to realize applicable devices based
on topological insulators (TIs). Among various proposals, introducing magnetic impurities
into TIs has been proven to be an effective way to open a surface gap and integrate additional
ferromagnetism with the original topological order. In this Dissertation, we study both the
intrinsic electrical and magnetic properties of the magnetic TI thin films grown by molecular
beam epitaxy. By doping transition element Cr into the host tetradymite-type V-VI
semiconductors, we achieve robust ferromagnetic order with a strong perpendicular magnetic
anisotropy. With additional top-gating capability, we realize the electric-field-controlled
ferromagnetism in the magnetic TI systems, and demonstrate such magneto-electric effects
can be effectively manipulated, depending on the interplays between the band topology,

magnetic exchange coupling, and structural engineering.
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Most significantly, we report the observation of quantum anomalous Hall eftfect (QAHE)
in the Cr-doped (BiSb).Tes samples where dissipationless chiral edge conduction is realized
in the macroscopic millimeter-size devices without the presence of any external magnetic
field, and the stability of the quantized Hall conductance of e¢*h is well-maintained as the
film thickness varies across the 2D hybridization limit. With additional quantum
confinement, we discover the metal-to-insulator switching between two opposite QAHE

states, and reveal the universal QAHE phase diagram in the thin magnetic T1 samples.

In addition to the uniform magnetic Tls, we further investigate the TI/Cr-doped TI
bilayer structures prepared by the modulation-doped growth method. By controlling the
magnetic interaction profile, we observe the Dirac hole-mediated ferromagnetism and
develop an effective way to manipulate its strength. Besides, the giant spin-orbit torque in
such magnetic TI-based heterostructures enables us to demonstrate the current-induced
magnetization switching with the critical current density much lower than other heavy
metal/magnet systems. Our work on the magnetic TIs and their heterostructures thus unfolds
new avenues for novel multifunctional nano-electronics and non-volatile spintronic

applications.
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Long as the way is; I see no ending.

Yet I will search high and low with my will unbending.

— Yuan Qu
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Chapter 1

Introduction

If a genius arises in art, he outlives his times; if such a critical moment occurs in the
world, it transcends its own time for decades and centuries. When J. Bardeen and W.H
Brattain found the current modulation effect via a third contact in their rather primitive
germanium point-contact diode on December 16% 1947, they probably did not realize the
forthcoming prairie fire ignited by their tiny sparkle. When we retrospect the human
achievements marked in the 2"9-half of the 20™ century, it is always astonishing to appreciate
the fact that the third industry revolution, which is featured by electronics and information
technology, has completely transformed every aspect of our civilization within the narrowest
span of time in human history.

Gordon E. Moore, the co-founder of Intel Corporation, once commented that “I think
information technology will create its own revolution in society over a much shorter time
scale, primarily because of the semiconductor technology you are driving” [1]. As the
mainstay of such information revolution, the blossom of today’s semiconductor industry is
built on the Si-based electronics. For more than 50 years, the Moore’s Law has been
successfully applied to guide the scaling strategies of CMOS technology: the number of
transistors in a dense integrated circuit doubles approximately every two years [2-4]. Most

importantly, by making transistors smaller, it turned out that everything got better



simultaneously — the speed of our microprocessor kept becoming faster and the system
reliability improved by leaps and bounds; while the cost of doing thing electronically has
dropped significantly. Unfortunately, such “scaling without tradeoffs” benefit did not last
forever. In fact, even before we talked about the single-electron transistor, the energy
dissipation for nanometer-scale transistors has become the most critical challenge for today’s
silicon industry. From the band diagram of MOSFET, we know that the turn-on voltage Vowx
could not scale-down well due to the theoretical 60 mV/dec subthreshold swing (SS) limit, as
shown in Fig. 1-1(b) [5, 6]. Under such circumstances, the dynamic power consumption is

proportional to the frequency under the fixed Vo, given that [7, 8]

P

nanic = ACVor [ (1-1)
where 4 is the device size, C is the capacitance, and f'is the clock frequency. As a result, in
order to balance the power consumption issue, the clock frequency of the microprocessors
has stopped increasing above 3 GHz since 2005, as highlighted by the red dashed line in Fig.
1-1(c) [9]. Even advanced multi-core structures and parallel computing algorithms have been
adopted to compensate the frequency issue in today’s CPUs, there is still another fundamental
challenge limited by the physical structure of MOSFET. In particular, as the device size
further scales down, the tunneling current between source and drain, and the leakage currents
from the gate-oxide layer and the sub-threshold regime would contribute to larger static

power consumption, as summarized in Fig. 1-1(d). In the extreme “quantum limit” case

where the device dimension is 8 nm and below, we cannot even turn off the switch [10-13].



Consequently, the whole semiconductor community is now looking desperately for any

alternative solution in the upcoming post-Si era.
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Figure 1-1. Overview of Si-based MOSFETs. (a) Schematic of the MOSFET structure. The
applied gate voltage is used to modulate the source-to-drain current, therefore realizing the
switching behavior. (b) Typical Ips - Vs curve for the MOSFET. In the subthreshold regime,
the current follows an exponential relation with respect to the gate voltage and SS is always
larger than 60 mV/dec. (c) Processor frequency scaling with time. As illustrated, f has largely
leveled off since 2005. Adopted from Ref. [9]. (d) Total chip dynamic and static power

dissipation trends. Adopted from Ref. [7].

1.1. The emergence of spintronics

Seventy years has passed since the birth of the first transistor (germanium point-contact

diode). At the end of the silicon golden age, we have to launch another Renaissance for the

3



new semiconductor era. At current stage, semiconductor tycoons like Intel and TSMC still
follow the mature Si-based state-of-art, which is to continuously improve the instrument
resolution as well as refine the transistor structure. By spending astronomical budget on the
fab upgrades and process technology development, we hope to maintain both the spirits and
benefits endowed by the Moore’s Law as long as possible. However, spending trends for the
semiconductor industry have changed since 2009; it was observed that “now more money is
spent on upgrading existing facilities, while new capacity additions are occurring at a slower
pace” [14]. In the meanwhile, worldwide universities and research institutes are extensively
investigating I1I-V heterostructures and novel 2D materials (i.e., graphene, MoS», and black
phosphorus) as alternative channel candidates with higher carrier mobility so that the scaling
issue can be alleviated. Nevertheless, all these approaches are more or less modifications
since the operational principles of transistor and the underlying physical limits still remain
unchanged; in other words, as long as there are thermal activation and random electron
scatterings in the conduction channel, the energy loss cannot be eliminated.

In contrast to the above “reforms”, a more revolutionized plan to deal with the power
dissipation dilemma is to regulate the electron motion. Just like how architects designed the
freeway networks to solve the traffic problems in urban cities, we can also construct the
electron highway system so that electrons travelling along opposite directions are separated,
and all electron collisions are forbidden. In fact, for conventional electronics, we only utilize

the charge feature of electron. Alternatively, if we further take the advantage of electron’s



unique spin property, we are able to better manipulate the information process, thus leading
to the next-generation low-power, high-speed electronics applications. Such emerging

research field regarding to this revolution is called spintronics.
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Bit (1 or 0) number of the charges spin up or down
(quantum logic operation)
Materials Semiconductors Semiconductors
Ferromagnetic Materials
Advantages Mass Production Scaling, nonvolatile with
low power consumption
Challenges | Close to the Quantum Limit Spin Selection
Large power consumption Long-Distant Transport

Figure 1-2. Comparison between electronics and spintronics.

The spin angular momentum .S is an intrinsic property of electron that is associated with
its angular momentum J and orbital angular moment L (i.e., J = L + §). Governed by the
quantum mechanics and particle physics theory, an electron, which belongs to the spin-%2
fermions, can only have either “spin-up” or” spin-down” state relative to a reference (an
applied magnetic field or magnetization orientation of a magnetic film). Therefore, spin itself,

as a natural binary system, can also carry information. As it is shown in Fig. 1-2, by



combining the spin degree of freedom, spintronics will add substantially more functionalities
and performance to conventional semiconductor charge-based electronic products. In the
meanwhile, the use of additional ferromagnetic (FM) material offers opportunities for a new
generation of devices integrating the spin-dependent effects that arise from the interaction
between the spin and the magnetic properties of the material. Consequently, the advantages
of these novel spintronics devices would be non-volatility, increased data processing speed,
decreased electric power consumption, and increased integration densities [15-20].

Although it sounds promising, the development of spintronics still remains in the
incubation stage, and current challenges mainly come from the material aspect. On one hand,
it turns out to be difficult to inject spin and maintain robust spin signal in most conventional
semiconductors (i.e., Si, Ge, and III-V materials) [21-26]; on the other hand, normal
ferromagnetic metals (i.e., Fe, Co, Ni, and their alloys) have high spin selectivity, yet it is
almost impossible to manipulate the spin state by electric field, thus making them impractical
for spintronics logic operations. Accordingly, to explore novel material candidates which
combine the advantages of semiconductor band gap engineering with controllable magnetic

properties in a single system is the primary motivation of this Dissertation.

1.2. Topological Insulators

The name of topological insulator (TI) originates from the fact that such material has a

bulk insulating gap while exhibiting topologically protected metallic states at its boundary



when it is placed next to a vacuum or an ordinary insulator [27-32]. Figure 1-3(a) shows the
band structure of one TI material (Bi2Se3) [33]. It can be clearly seen that in addition to the
ordinary parabolic bulk band, a unique gapless surface state with a single Dirac cone is also
resolved. Given its linear £ — k relation, the surface electrons can be reviewed as massless
Dirac fermions with ultra-high mobility. The most striking feature which distinguishes TI
from other ordinary band insulators is the surface spin-momentum locking mechanism: due to
the giant spin-orbit coupling (SOC) in TI, the spin polarization of surface electron is tightly
locked to its momentum direction; in other words, once the current is applied, itinerant
electrons with opposite spins are well-separated along the TI edges, as illustrated in Fig.
1-3(b). Moreover, due to the TeBerry phase nature of the spin-'2 Dirac fermions and the
protection of time-reversal-symmetry (TRS), back-scatterings by non-magnetic impurities are
forbidden during electron transport, thus leading to the quantum spin Hall effect (QSHE)
where a dissipationless helical spin-polarized conduction is realized without the presence of
any external field [30]. Consequently, the QSH insulator, TI, is regarded as the most suitable
candidate to implement the “electron/spin highway” concept. In fact, ever since its discovery,
TI has raised broad interest not only in spintronics, but also among condensed-matter physics,
material science, and energy harvesting applications. In this section, we would like to briefly

overview the Tl-related research milestones during the past ten years.
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Figure 1-3. Topological Insulators and the spin-momentum locking mechanism. (a)

Energy band structure of Bi>Ses. Adopted from Ref. [33]. (b) [llustration of the spin-polarized
helical edge channels in a TI material. Adopted from Ref. [34].

1.2.1. Quantum spin Hall insulator and band inversion

The centerpiece of QSHE is the intrinsic spin-orbit coupling. By coupling the
electron’s spin and orbital angular momentum degrees of freedom, the electron band structure
of the lattice is modified, and this subsequently causes electrons that are moving through the
crystal to feel a spin-dependent force [28]. In 2005, C.L. Kane and E.J. Mele investigated the
effects of SOC on the low energy electronic band structure of the graphene strip [35]. By
considering a second neighbor tight binding model with a spin-dependent amplitude
determined by the sublattice orientation, they found that the symmetry allowed spin-orbit
potential to convert graphene from an ideal 2D semi-metallic state to a QSH insulator which
had a gapped bulk band but supported the transport of spin and charge in the gapless edge

state at the sample boundaries [35]. Although SOC exists in all materials, it is obvious that

8



not all of them belong to the QSH insulator. So in the following work, C.L. Kane and E.J.
Mele further showed that the QSH phase was a time reversal invariant electronic state
associated with a novel Z> topological invariant, and the resultant 2D state was the first
topological insulator to be understood [36]. More importantly, such Z> classification could be
generally computed for any 2D material system and would allow the prediction of whether

the material had a stable spin-filtered edge state [36].

In reality, since the SOC in graphene is quite small, it is thus impractical to pursue
QSHE in this system. Alternatively, B.A. Bernevig, T.L. Hughes, and S.C. Zhang proposed
another guideline in the search for the QSHE insulator — band inversion caused by SOC [37].
It is well-known that in most common semiconductors, the conduction band which is formed
from electrons in s orbitals is always above the valence band that is formed from electrons in
p orbitals (i.e., the band gap E; is positive). In contrast, for certain heavy elements, the SOC
is so strong that the p-orbital band is pushed above the s-orbital band—that is, the bands are
inverted (i.e., the band gap Ey is negative). Accordingly, if we combine one +FE, material with
another -E, material, due to the boundary condition that the waveform has to be continuous, it

is therefore expected that an extraordinary edge/surface state will be formed at the interface.

Following this argument, in 2006, B.A Bernevig et al. proposed the CdTe/HgTe/CdTe
quantum well (QW) structure as a suitable platform to investigate QSHE [37]. From the
theoretical calculations, they found that the barrier material (CdTe) has a normal band

structure, with the s-type I's band lying above the p-type I's band, while the SOC of the well
9



material (HgTe) is so large that I's band is pushed above the I'¢ band. Figure 1-4 shows the
thickness-dependent quantum phase transition of the HgTe/CdTe QW. Specifically, for a thin
HgTe layer thickness d, the QW is in the “normal” regime, where the CdTe has the dominant
effect and the band energy at the I' point satisfies E(I's) > E(T's). On the contrary, for the
thick d case, the well is in the inverted regime, where HgTe dominates and E(T's) < E(Tg). As
the thickness of the well varies, the E; and H; bands will cross at d. ~ 6.5 nm where the

energy gap at d = d. vanishes.
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Figure 1-4. HgTe-CdTe quantum wells. (a) Bulk energy bands of HgTe and CdTe near the
I" point. (b) The CdTe/HgTe/CdTe quantum well in the normal regime E; > H; with d < d.
and in the inverted regime H; > E; with d > d.. Adopted from Ref. [37].
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In fact, the 2D TI CdTe/HgTe QW can be described by an effective Hamiltonian that is
essentially a Taylor expansion in the wave vector k£ of the interactions between the lowest

conduction band and the highest valence band [37]

mk) Atk +ik,) 0 0
k. +ik) —m(k 0 0
H., (k. k)= E() + Afk, +ik,) m(k) | =[h(k) *0 } (1-2)
! ’ 0 0 mk) - Ak, -ik,) 0 h'(=k)
0 0 -Afk, +ik,) -m(k)

where E(k) = C + D(k? +k}2,) is the trivial band bending, m(k)=m, + B(k’ +k}2,) is the gap
parameter, the energy gap between the bands is 2m(k), A incorporates the interband coupling
to the lowest order, B (typically negative) describes the band curvature of the band, and
h(k) = E(k)+m(k)o, + Ak o, —k,0,). For m/B < 0 (i.e, d < d.), the eigenstates of the
model describe a trivial insulator. As the thickness of the HgTe quantum well increases, m
becomes negative due to band inversion, and the m/B > 0 condition gives rise to the edge
states of the QSH insulator. Accordingly, the wavefunction for the edge states at the /~ point

is given by

M —e* Vg, A/B<0

(1-3)
_Alx_e—ﬂzx)ﬂ, A/B>O

a(e
Yy(x) =

c(e
where A, = ﬁ(Ai\/ A> —=4mB), and ¢, are the two-component spinor. The sign of the

A/B determines the spin polarization of the edge states, which is the key to determine the

helicity of the Dirac Hamiltonian for the topological edge states. This effective edge model

11



(i.e., the Dirac Hamiltonian for the edge states) can be obtained by projecting the bulk

Hamiltonian onto the edge states defined above, and the result is given by H,,, = 4k, 0°.

edge
From this linear Dirac Hamiltonian we can see that the edge states with opposite spins have

opposite momentum directions. Therefore, the spin-momentum locking mechanism is

generated on the edge.

1.2.2. Discovery of QSHE in two-dimensional Topological Insulators

Less than one year after the prediction, Konig et al provided the experimental
observation of QSHE in the 2D HgTe/(Hg,Cd)Te QWs grown by molecular beam epitaxy
(MBE) [34]. In their experiments, several samples were prepared with different HgTe layer
thickness. For thin QWs with d < 6.3 nm (Sample I), the longitudinal resistance became giant
(i.e., Ri423 > 107 Q) when the Fermi level was tuned within the bulk gap, reflecting the
normal insulating state as highlighted by the black curve in Fig. 1-5. As the well thickness
increased (d > 6.3 nm), the edge state due to the QW band inversion started to develop.
Significantly, both Samples IIl and IV (i.e., with the same length L = 1 pm but different
widths W = 0.5 and 1 um, respectively) exhibited a quantized conductance of 2e¢?/h at zero
magnetic field when 7' = 30 mK. Accordingly, the size-independent quantized longitudinal
conductance results convincingly demonstrated the existence of the helical edge states of the

QSH insulator.
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Figure 1-5. Experimental observations of quantum spin Hall effect in the HgTe/CdTe
QWs. The longitudinal four terminal resistance, R4 23, of various normal (d = 5.5 nm) (I) and
inverted (d = 7.3 nm) (I, IIl, and IV) QW structures as a function of the gate voltage
measured for B=0 T at 7 = 30 mK. The device sizes are (20.0x13.3) um? for devices I and
I1, (1.0x1.0) pm? for device III, and (1.0x0.5) um? for device IV. The inset shows R;423 as a
function of Vg of two samples from the same wafer, having the same device size (III) at 30
mK (green) and 1.8 K (black) on a linear scale. Adopted from Ref. [34].

Beside the CdTe/HgTe QWs, R.R Du’s group also experimentally demonstrated the
QSHE on the InAs/GaSb QWs [38, 39]. In this system, the band inversion is achieved at the
type-II InAs/GaSb heterostructures that are confined by the neighboring AISb barriers, as
shown in Fig. 1-6(a). Most importantly, Fig. 1-6(b) revealed that a wide longitudinal
conductance plateau of 2e?/h value was observed by appropriately tuning front gate voltage,
and such quantized helical edge conduction was probed up to 4 K, which was much higher

than the CdTe/HgTe system.
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Figure 1-6. Experimental observation of quantum spin Hall effect in the InAs/GaSh
QWs. (a) The energy spectrum of inverted InAs/GaSb QW. Adopted from Ref. [38]. (b)
Wide conductance plateau quantized to 2e*h and 4e*h, respectively for two device
configurations (four-terminal Tebar and six-terminal Hall bar) as shown in the inset. Adopted
from Ref. [39].

1.2.3. Extend Topological Insulators to three dimension

From the above review, we can conclude that non-trivial band inversion due to SOC in
2D material gives rise to the QSH insulators, and the Z> topological invariant is the key to
distinguish TI from an ordinary insulator. In this section, we will show that the same criteria
can be generalized to build a 3D-version of topological insulator, for which the topologically
non-trivial boundaries extend from the 1D edge to 2D surface state, and the Dirac cone is

located at a TR-invariant point [30].
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Actually, the first predictions of 3D TIs were proposed by three independent research
groups. In July 2006, J.E. Moore and L. Balents applied the homotopy theory to demonstrate
that the TR-invariant energy band in 3D could be explicitly characterized by four Z»
invariants instead of only one in the 2D case (and it was them to name the materials with
non-zero Zo number as “topological insulators™) [40]. Only one week later, R. Roy uploaded
his own work to arXiv.org. In that paper, he provided a set of “topology number" to
mathematically classify all the phases of band insulators in 3D and later showed that some of
the topological phases could only be revealed in 3D [41]. Such progress in math-topology
also propelled the discovery of 3D TI in physics realm. After another week, F. Liang and
C.L. Kane used the four Z, numbers to describe all the 16 phases with two general classes:
weak (WTI) and strong (STI) topological insulators in the 3D regime [42]. They found that
the WTI behaved like layered 2D QSH states, but were vulnerable to disorder; in contrast, the
STI with odd number of Dirac cones on the surface had robust QSH states. Based on this
interpolation, they predicted that the BiixSbx alloy with a critical Bi/Sb ratio would be a 3D

TI candidate [43].

Experimentally, it was D. Hsieh et al. who applied the surface-sensitive angle-resolved
photoemission spectroscopy (ARPES) to first observe the topological surface states in
Bi.9Sbo.1, manifesting the birth of 3D TI [44]. However, due to the random substitutional
disorders in such alloy, its surface states and the underlying mechanism turned out to be

extremely complex. Instead, tetradymite-type materials Bi»Ses, Bi>Tes, and SboTes; were later
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proposed [45] and demonstrated [46-48] to be the better 3D Tls candidates with single Dirac
cone and large bulk band gap up to 0.3eV. Ever since then, enormous efforts have been

extensively performed on these systems.

1.3. Magnetic Topological Insulators

In Section 1.2, we showed that the spin-orbit coupling is an effective way to control the
electron spin state, and in the extreme case where SOC is large enough to invert the energy
band, quantum spin Hall effect is expected in 2D TIs. In addition to SOC, it is also known
that the electron spin can be manipulated by magnetic moment, as the case in magnetic
materials. Accordingly, it was suggested that the spin controllability can be further enhanced
if additional magnetic order was integrated into TIs. In this section, we will discuss several
important concepts regarding to the magnetic TI system, and show how the functionalities of
associated TRS-breaking physics and applications can be multiplied through the interplay
among the band topology (SOC strength), the magnetic orders (magnetic exchange coupling

strength), and structural engineering (Fig. 1-7).
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Figure 1-7. TRS-breaking magnetic topological insulators. (a) The interplay among band
topology, magnetic exchange, and structure engineering in the TRS-breaking phenomena.
(b) Topological surface band diagram in undoped TI (massless) and magnetically doped TI
(massive), respectively.

1.3.1. Break the time-reversal-symmetry of Topological Insulators

From Eq. (1-2), it is clearly seen that for original undoped TIs, TRS is protected given
thata(k) =h"(—k) . However, once additional magnetic exchange M- is introduced, the mass

term changes to
m(k,M_) =m,+B(k +k;)+gM (1-4)

Consequently, h(k,M_.)#h (=k,M_) and Hep(ks,ky) no longer has the TRS-protected
property, and the massless surface Dirac fermions degrade to the massive case where the

surface opens a gap A, as shown in Fig. 1-7(b) [49].
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Experimentally, the topological surface band gap was first observed by ARPES. Y.L.
Chen et al. performed the measurements on the transition-metal doped Bi>Ses materials, and
observed a small surface band gap (~ 7 meV) opening in the (Bio99Mnog1)2Se3 sample [33].
In the meanwhile, L.A. Wray et al. also observed the surface gap opening when they
deposited the Fe ions on top of the BixSes film [50]. Recently, S.Y. Xu ef al. used the more
advanced spin-resolved ARPES to visualize the spin textures in the Mn-doped Bi>Ses thin
films [51]. The resolved unique hedgehog-like spin reorientations around the surface
electronic groundstate provided additional information about the mechanics of TRS breaking

on the TI surface.

1.3.2. Integrate magnetic order into Topological Insulators

In general, there are two methods to introduce the magnetic exchange term M: in
order to break the TRS of the topological surface states. First of all, by combing the TI
material with a topologically trivial magnetic material, the magnetic proximity effect at the
interface is able to locally align the spin moments of the TI band/itinerant electrons out of
plane, therefore breaking the TRS at the TI interface [52, 53]. To date, such magnetic
proximity effects have been observed in both TI/YIG [54] and TI/EuS [55, 56]

heterostructures. However, since the interface qualities are usually poor in these systems, the
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magnetizations introduced by the short-range magnetic exchange coupling are therefore quite

weak.

Alternatively, incorporating magnetic ions into the host T materials has been proven
to be the most effective way to generate robust magnetism and open a gap of the surface
states [33, 51, 57]. Theoretically, Zhang et al. reported a detailed theoretical study of the
formation energies, charge states, band structures, and magnetic properties of transition metal
(V, Cr, Mn, and Fe) doped 3D TIs [58, 59]. By using first-principles calculations based on
the density functional theory, they found that most transition metals favored the substitutional
doping into the host TI cation-site, indicative of robust magnetic moments formed in such
magnetically doped TI systems. More importantly, A.S Nunez et al. found that the
exchange-induced single ion magnetic anisotropy in such systems was along the
perpendicular orientation [60]. As a result, the magnetic anisotropy easy-axis is expected to

be out-of-plane in the magnetically doped 3D TIs regardless of the film thickness.

At current stage, the transition-metal doped TI materials have been successfully
grown by chemical vapor deposition (CVD) [61], bulk Bridgeman growth [62-65], and MBE
[66, 67]. Among them, the MBE technique has advantages in terms of non-equilibrium
physical deposition, accurate layer thickness/doping profile control, wafer-scale growth
capability, and potential integration of heterostructures and/or super-lattices for
multi-functional device applications. In this Dissertation, all experiments were done on the

MBE-grown (magnetic) TI thin films in our lab, as we will elaborate in Chapter 3.
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1.3.3. RKKY interaction

The first study on the transition metal doped Bi>Ses / BirTes / SboTes materials was
carried out even before the discovery of topological insulators [68-75]. At that time, such
systems were treated as conventional dilute magnetic semiconductors (DMS). Compared with
ITI-V based DMS counterparts [76-78], it was found that the solubility in the tetradymite-type
thin film could be as high as 0.35 and the corresponding Curie temperature 7¢ as high as 190

K was obtained [70].

In magnetically doped semiconductors, it is known that neighboring magnetic dopants
can be aligned through the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction [79-81] In
the RKKY model, the itinerant carriers are polarized in the form of long-range oscillatory

waves, and the general interaction is described by [82, 83]

J RKEY = %J'f;dEZTr{[—J(E)ﬁ 5,1G(R,)[~J(E)T5,1G(-R,)} (1-3)

i*j

where J(E) is the exchange coupling coefficient, S; is the spin of local magnetic ion, Tis the
Pauli matrix of itinerant electrons, Rj; is the distance between the two localized ions, and the

Green’s function has the form that[82, 83]

sy=_ L 1
G(R”)_4nlj15—H0

exp(—ik R, )d’k (1-6)

The presence of the RKKY interaction can be probed from the Curie temperature. In

general, the Curie temperature under the mean-field Zener theory is given by [84, 85]
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< 3k, Q, 4 34k, Q,

(1-7)

where m” is the effective mass, p is the free carrier (hole) density, xu is the magnetic doping
level, and the Fermi wave vectork, = (377 p)"”. Accordingly, for a given magnetic system

with RKKY interaction, 7¢ is expected to scale withx  p"*. Recently, both Z.H. Zhou et al.
[70] and B. Li et al. [65] reported the experimental observations of such linear 7. -x, p'"’
relationship in both the Sby—xCrxTes and the (CrxBiySbi.y.x)2Tes bulk samples, which implied
that the hole-mediated RKKY interaction was responsible for the ferromagnetism in
Cr-doped magnetic TI materials. In this Dissertation (Chapter 4), we will provide
straightforward evidence, namely the gate-dependent magneto-transport measurements, to

demonstrate the carrier-dependent RKKY interaction in our MBE-grown magnetic TI thin

films.

1.3.4. Van Vleck mechanism and carrier-independent ferromagnetism

In a dilute magnetically doped semiconductor system, it was found possible that the
magnetic exchange among local moments could also be mediated by the band electrons other
than the RKKY coupling through itinerant carrier [86]. In 2010, R. Yu et al. predicted that

tetradymite TI materials (Bi2Se3/BirTes/SbaTes) could form such magnetically ordered

21



insulator when doped with Cr or Fe [49]. They used the first-principles calculations to

investigate the total free energy of the system that

F

total

L ot 09

where Xz (Xe) is the spin susceptibility of the local moments (band electrons), M7 (M.) denotes

the magnetization for the local moment (electron) subsystem, and Jes is the magnetic

exchange coupling between them. Accordingly, the onset of the FM phase can be determined

when the minimization procedure of the free energy gives a non-zero magnetization without

the presence of external magnetic field, which leads to ijf -X.'x.' >0, or equivalently
2

X >y Cx.)”'; in other words, a larger Y. gives rise to more prominent local coupling [49].

In fact, a considerable Y. value can be obtained through the Van Vleck mechanism that [49]

<nk|S. |mk ><mk|S.|nk>
Xe=24/10/12 | z| | z|

1-9
’ Emk_Enk ( )

where L is the vacuum permeability, tiz is the Bohr magneton, S: is the spin operator, |mk>
and |nk> are the Bloch functions in the conduction and valence bands, respectively. In normal
IV and III-V DMS systems where the conduction and valence bands are well-separated by the
band gap E,, there is no overlap between [mk> and |nk>, and X. is thus negligible. In contrast,
the giant SOC in BixSes-type materials causes the band inversion [45], and the mixing Bi
pi-state (jnk>) and Se p2.-state (jmk>) therefore leads to a sizable <nk|S:mk> [49]. Under

such circumstances, large magnetization can be generated through direct coupling between
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the Cr d-orbit moment and the host TI valence electron without the assistance of any itinerant

carriers.

In 2013, C.Z Chang et al. carried out the systematic study to investigate the Van
Vleck mechanism in magnetic TIs [66]. In their experiments, they prepared a set of Cr-doped
(BixSbi—~)2Tes thin films with a fixed Cr doping level of 12 % and same film thickness of 5
quintuple-layer (QL) in order to ensure that both Y; and M remain constant. They found that
although the carrier type was tuned from n-type (x > 0.3) to p-type (x < 0.2) by varying the
Bi/Sb ratio, the ferromagnetism of the Cro22(BixSbi.x)1.78Tes films remained regardless of the
carrier density. Most importantly, the Curie temperature 7¢ showed little dependence on the
carrier density and type (Figs. 1-8 (a)-(b)). Together with gate-independent AHE data shown
in Fig. 1-8(c), their observations thus provided a direct evidence of the long-range FM order

through the Van Vleck mechanism in the magnetic TI materials.
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Figure 1-8. Carrier-independent long-range ferromagnetic order in magnetic TI thin
films. (a) Dependence of Curie temperature (7c) on Bi content (x) (bottom axis) and carrier
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density (top axis) in the MBE grown Cro22(BixSbix)1.78Tes films. (b) Dependence of AHE
resistance (R4n) (red solid squares) and longitudinal resistance (Rxx) (blue solid circles) at 1.5
K on Bi content x (bottom axis) and carrier density (top axis). (c) Magnetic field dependent
Hall resistance Rxy of a SQL Cro22(Bio.2Sbo.g)1.78Tes film grown on SrTiO3 (111) at different
back-gate voltages measured at 250 mK. Adopted from Ref. [66].

Since both the hole-mediated RKKY coupling and the carrier-independent Van Vleck
magnetism are possible in the magnetic TIs, it is thus important to understand the
fundamental physics of these different FM orders, and the interplay/controllability of each
contribution. Most importantly, the large Van Vleck susceptibility resulting from the bulk
band inversion and the long-range exchange coupling through the band electrons distinguish
the magnetic TIs from conventional DMS systems. As will be discussed in Chapter 5, this
unique magnetism is essential to form the Chern insulator and realize the quantum anomalous

Hall effect [87].

1.4. Organization

In this Dissertation, we summarize our work on the (magnetic) TI thin films and
relevant phenomena. The contents are arranged as follows. In Chapter 2, we discuss the
physics background about the quantum Hall trio (quantum Hall effect, quantum spin Hall
effect, and quantum anomalous Hall effect) and the correlations between them. In Chapter 3,

we describe the experimental instruments used to grow the (magnetic) TI thin films and
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characterize their properties. In Chapter 4, we show the presence of both the RKKY
interaction and van Vleck mechanisms in the Cr-doped (BiSb)>Te; thin films through the
electric-field-controlled magneto-transport measurements. By optimizing the doping strategy,
we present in Chapter 5 the experimental evidence of quantum anomalous Hall effect where
the scale-invariant disspationless chiral edge conduction is observed in the macroscopic
millimeter-size magnetic TI device up to 0.3 K. In addition, by applying the
modulation-doped MBE growth method, we successively prepare the TI/Cr-doped TI bilayer
systems with controllable structural engineering. In Chapter 6, we provide both the
extraordinary surface-related ferromagnetism and the giant spin-orbit torque in such TI-based

heterostructures. Finally, the conclusion of this Dissertation is given in Chapter 7.
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Chapter 2

Quantum Hall Trio

2.1. A brief history of Hall family

The stories about Hall effect family all started with Edwin H. Hall. In his paper titled as
“On a new action of the magnet on electric currents” [88], he recorded the momentous
discovery obtained on the 28" of October, 1887. In his experiment, he placed a gold leaf strip
(on a plate of glass) between the poles of an electro-magnet, and detected a voltage change
between two vertical probes (i.e., transverse to the current direction) before and after he
turned on the elecro-magnet. This famous Hall effect was later explained in terms of the
classical Lorentz force acting on a moving electron by the magnetic field in the classical
diffusion regime. It is found that the slope of the linear field dependence of the Hall
resistance, defined as the transvers voltage divided by the current, has a close relation to the

type and density of carriers:

R =2 =_ 2-1
Y IB ol @1

where d is the sample thickness. Therefore, the ordinary Hall effect has been widely used to

study the electrical properties of materials due to its convenience.
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Soon after the discovery of the OHE, Hall tried similar experiments on ferromagnetic
materials. He observed that the magnetic-field-dependent Hall resistance showed an
unusually large slope at a low field [89]. It was recognized that this unusually large Hall
effect originates from the magnetization of FM materials, which was later known as the
anomalous Hall effect (AHE) [87]. Since a FM material keeps its spontaneous magnetization
even when the external magnetic field is removed, the AHE can be measured in the zero
magnetic field. Unlike ordinary Hall effect, the AHE has been an enigmatic problem ever
since its discovery. Although it is generally believed that SOC plays a fundamental role in the
AHE, its exact mechanism still remains to be debatable. Today, the most commonly used

empirical relation to describe AHE is given by [87]
Ry =RoH+ RyM(H) (2-2)
while the ordinary Hall coefficient R, is inversely proportional to the Hall density, the

anomalous Hall coefficient R4 is experimentally found to depend subtly on a variety of

material specific parameters and, in particular, on the longitudinal resistivity O.
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Figure 2-1. The Hall effects. (a) Three ways to deflect the electron motion in a conductor.
(b) Magnetic field dependence of ordinary Hall effect. (c¢) Magnetic field dependence of
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anomalous Hall effect. (d) Observation of spin Hall effect by magneto-optical Kerr
microscope. Adopted from Ref. [90].

2.1.1. Scattering mechanisms of anomalous Hall effect

Generally speaking, the full modern semiclassical treatment of the AHE can be
reviewed based on the anomalous contribution to wave-packet group velocity due to
momentum-space Berry curvatures and the consideration of the intrinsic/extrinsic
scattering-related mechanisms. As shown in Fig. 2-2, both skew scattering and side-jump
mechanisms are focused on the influence of disorder scattering in imperfect crystals. In
particular, skew scattering is due to chiral features which appear in the disorder scattering of
spin-orbit coupled ferromagnets. In the presence of SOC, a transition which is right handed
with respect to the magnetization, Ms, is different to the corresponding left-handed transition,

therefore leading to the asymmetric transition probability [91, 92]
Wlow =Tk XK' (2-3)

As a result, scattering of a carrier from an impurity introduces a momentum perpendicular to
both the incident momentum k and the magnetization Ms. Consequently, the Hall
conductivity oy, and the longitudinal conductivity Ox. are both proportional to the transport
time 7. Equivalently, Oy ~ Gy (0w)* is proportional to o (Note that here we make the

assumption that Oy, << O; otherwise, the 0y, [1 o relation is not valid any more).
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On the other hand, the basic semiclassical argument for a side-jump contribution can
be stated straightforwardly: when considering the scattering of a Gaussian wave packet from
a spherical impurity with SOC, a wave packet with incident wave vector £ will suffer a
displacement transverse to k with a microscopic displacement that is independent of the
details of the impurity potential or of the scattering process [93-95]. Equivalently, the
side-jump contribution to motion during a scattering event is analogous to the anomalous
velocity contribution to wave-packet evolution between collisions, with the role of the
disorder potential in the former case taken over in the latter case by the external electric field.
Therefore, the side-jump contribution to the conductivity ends up being independent of 7, and

therefore O 0(0w)>.

Intrinsic deflection

Interband coherence induced by an E

external electric field givesrise to a —
velocity contribution perpendicular to
the field direction. These currents do
not sum to zero in feromagnets.

dt  hok

Electrons have an anomalous velocity perpendicular to
the electric field related to their Berry's phase curvature

Side jump

The electron velocity is deflected in opposite directions by the opposite
electric fields experienced upon approaching and leaving an impurity.
The time-integrated velocity deflection is the side jump.

Skew scattering

( Asymmetric scattering due 10
the effective spin-orbit coupling
of the electron or the impurity.
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Figure 2-2. Illustration of the three main mechanisms that can give rise to an AHE. In
any real material all of these mechanisms act to influence electron motion. Adopted from Ref.
[87].

Beside the extrinsic scattering mechanisms, people argue that there also exists the
intrinsic contribution which is directly linked to the topological properties of the Bloch states,
and thus is dependent only on the band structure of the perfect crystal. Specifically, it is
proportional to the integration over the Fermi sea of the Berry curvature of each occupied
band or equivalently, to the integral of the Berry phases over cuts of the Fermi-surface (FS)
segments [96, 97]. Accordingly, the intrinsic anomalous Hall can be described by:

2

AH-int — _ o € dk i _
A e LR RTAC) (2-4)

where &; is the antisymmetric tensor, a,(k) is the Berry phase connection, and [, xa’ (k) is
the Berry phase curvature. It is noted that since the intrinsic AHE is independent on impurity,
AH —int

o is thus constant with respect to Ok, the same behavior of side-jump mechanism.

Xy

Therefore, we normally cannot distinguish the intrinsic AHE and side-jump contributions

from the anomalous Hall magneto-transport measurements.

2.1.2. Spin Hall effect

From the above discussions about AHE, we know that the relativistic SOC generates an
asymmetric deflection of the charge carriers depending on their spin direction. Following the

same scenario, it is reasonable to expect that the SOC can also induce the spin-dependent
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deflection in non-FM materials (NMs) through exact the same skew-scattering/side-jump
mechanisms, and the corresponding transport phenomenon is called spin Hall effect (SHE).
Figure 2-3 illustrates the relation between AHE and SHE. It can be clearly seen that in NMs
where Mz = 0, the numbers of spin-up and spin-down electrons are in equilibrium, therefore
no transverse charge imbalance will occur. Instead, the SHE generates an edge
spin-accumulation that has opposite polarization at opposite edges; in other words, SHE in
NDMs enables pure spin current along the transvers direction (whereas for the AHE case, the

non-zero Mz breaks the spin equilibrium in FMs, thus leading to a polarized transverse charge

current).
AHE
magnetic M,Z0
electrical detection
SHE SHE
non-magnetic M,=0 non-magnetic M,=0

o =W

optical detection electrical detection

Figure 2-3. Illustration of the connected family of the spin-dependent Hall effects. In the
AHE system, a charge current generates a polarized transverse charge current. In the SHE
regime, an unpolarized charge current generates a transverse pure spin-current. Adopted from
Ref. [98].
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Although the idea of SHE was proposed as early as 1971 [99] (and re-captured by Hirsch
in 1999 [100]), the initial challenge for SHE detection was primarily the lack of direct
electrical signals. Therefore, the first experimental detections of the SHE signal in NMs were
reported in 2004 from optical measurements [90, 101]. Since then, the rapid developments
and progress of SHE and its related spintronics physics (i.e., inverse spin Hall effect,
spin-transfer torque, and spin galvanic effect) have become one of the hottest research

frontiers in condensed-matter physics.

2.2. Quantum Hall effect
2.2.1. The Discovery of integer Quantum Hall effect

The discovery of the quantum Hall effect (QHE) was the result of systematic
measurements on the two-dimensional electron gas (2DEG) systems, where the motion of
electron along z-direction is fixed. It is known that when a strong magnetic field is applied

perpendicular to such 2DEG system, the Hamiltonian is described by:

T SO I B _
{ﬂmz +T(x +y7) lhwc[xay’fyax]}él/—Eél/ (2-5)

where ar = eB/m is the cyclotron frequency. Under such circumstances, the electron in the
conduction band will behave like simple harmonic oscillator, and the eigenstates of energy,

so-called Landau Levels (LLs), are quantized in the x-y plane as
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(2-6)

In such quantized LLs condition, it was first proposed by L.W Schubnikov and W.J de

Haas that the longitudinal conductivity gx would oscillate periodically with the change of

applied magnetic field. On the basis of the well-known Onsager equation that [102]

S, = 7 =<n+y)27’?Bn

(2-7)

where Sr is the cross sectional area of Fermi surface in k-space, n is the LL index, and yis

directly related to the Berry phase, the corresponding Shubnikov-de Haas (SdH) oscillation

period only depends on the carrier density n2p in the 2DEG system:
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Figure 2-4. Quantum oscillations and quantum Hall effect observed in Si-FETs. (a)
Observation of SdH oscillation on Si-based FETs by A.B Fowler et al, in 1966. Adopted
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from Ref. [103]. (b) First observation of QHE on Si-based FETs by K.V Klitzing in 1980.
Adopted from Ref. [104].

In fact, the SdH quantum oscillation was observed in 1966 on silicon-based field effect
transistors (FETs) [103], however, it was only in 1980 that German physicist Klaus von
Klitzing, working at the high magnetic field laboratory with high mobility 2D silicon-based
FET developed by Pepper and Dorda, made the unexpected discovery that the Hall

conductivity was precisely quantized (no need of any corrections) [104].

In summary, QHE can be qualitatively understood from the semiclassical picture as
shown in Fig. 2-5. In the 2DEG with large magnetic field, the LLs in the inner part of the
sample are discrete, as described by Eq. (2-6). On the other hand, due to the finite-size of the
2DEG sample, the carrier density close to the sample edge will become finally zero. This in
turns corresponds to an increase in the LL energies at the edge so that these levels become
unoccupied outside the sample. Therefore, all occupied LLs inside the sample have to cross
the Fermi level close to the boundary of the device, as shown in Fig. 2-5(c). Consequently,
metallic properties are expected to resume at such crossing points along the edge states.
Under such circumstances, when the Fermi level is located between two neighboring LLs, the
cyclotron orbit localizes the conduction and bulk will thus be insulating; while the edge is
conducting in the ballistic regime (as a result, there is no chemical potential drop along one
edge in the longitudinal direction), and the longitudinal resistance will be zero. As we

increase the magnetic field monotonically, we will see the longitudinal resistance oscillates
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between the peaks and minimals; in the meanwhile, the Hall resistance will take the form of
plateaus when the Fermi energy is located between two LLs since the chiral edge state has an
integer number of e*/h, and changes its value by one e*/h as the Fermi level moves across

each LL (note here we do not consider any spin or band degeneracy).

With the development of QHE over the past 30 years (especially the discovery of
topological insulators since 2005), the whole condensed-matter physics community started to
realize the intrinsic relation between the IQHE and the band structure topology such that the
dissipationless chiral edge states formed in the IQHE state is a natural result of the change in
the topological invariant, namely the TKNN number (or the first Chern number C;) [105].
From this point of view, the IQHE state can be regarded as a new quantum state of matter
that is distinct topologically from the traditional states of matter, and such quantum Hall

insulator, in principle, belongs to a TI with broken TRS, as we will elaborate in the following

section.
ky
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Figure 2-5. Landau levels in 2DEG. (a) Visualization of the cyclotron orbits and the chiral
edge states on a 2DEG system subject to a strong perpendicular magnetic field. The yellow
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arrows represent the conduction direction of electrons in the conduction band. (b) Landau
level quantization in the momentum k-space. (c¢) Landau levels spectrum in real space for a
finite-size device with boundaries.

2.2.2. The TKNN number in the integer quantum Hall effect

In a general 2DEG system with a periodic potential U(x,y) (i.e., it has periods a and b
along the x and y directions, respectively), the band structure of such 2DEG under a
perpendicular magnetic field B depends on the number of magnetic flux quanta per unit cell ¢
= abeB/h = p/q, where p and ¢ are integer numbers. From the Bloch theorem, it is known that

the eigenfunctions ¢(x,y) satisfy the periodic condition that

Wi, (x +qa, p)e 0 =g (G y +B)e T =g (x,9) (2-9)

—ikyx—ikyy)

where u, =l,1/k1kze( , ki (modulo 277aq) and k> (modulo277b) are good quantum

numbers. Given the v = dH /dk relation, the conductor of the 2DEG system is given by

o - % 3 (O | 0k,) .5 (OH / Ok, 5, — (OH / Ohy) 1 (OH / 9K, ) 5, 0-10)
0 50/<EF

2
£5<EF (ga - 8/3’)

where Ay is the area of the system and€,, &£jare eigenvalues of the Hamiltonian. Eq. (2-10)

can be further written as
_ e . Ou  Ou
= D, [ dPr(w’ ——=——u) (Q-11)

JHx.y) ak} akj
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where the sum is over the occupied electron sub-bands and the integrations are over the unit
cells in both the real and momentum spaces (Note that the integral over the k-space unit cell
has been converted to an integral around the unit cell by Stokes’s theorem). For the
non-degenerate subband, ¢/ is a single-valued analytic function, and can be only changed by
an r-independent phase factor @ at the Brillouin boundaries. Under such circumstances, the

overall Hall conductance in the IQHE regime is given by

Z§dkjjd2r(u*a—”—g%u) (2-12)

e’ 1
g,=n—, n=—
h 471 AT ak_,

where the TKNN number (or first Chern number C;) n is an integer number and is the
number of Landau levels under the Fermi energy. Consequently, C; gives the quantized Hall
conductance, and this Hall conductance will give the chiral edge states in the 2DEG system.
The bulk expression of the Hall conductance is given by the integral over the Brillouin zone
and the edge expression of the Hall conductance is given by the winding number of the zero
of the edge state energy on the Riemann surface (a complex-energy surface). In order to
construct this Riemann surface, the fibre bundles on the isolated magnetic Brillouin zones

have to be connected, and this gives rise to the topologically non-trivial chiral edge states.
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2.2.3. Quantum Hall effect in Dirac fermions systems

As addressed in Section 2.2.1, for conventional 2DEG systems with the ordinary
parabolic £ — k band structure, IQHE is the result of the quantization of the LLs under a
perpendicular magnetic field. From Eq. (2-6), we know that the LLs are equally separated by
AE =ha) along the energy axis, and the step of neighboring quantum Hall plateaus is given
by Ao, = e’ / h without considering any spin or sub-lattice degeneracy. However, with the
developments on novel 2D Dirac-fermion systems (i.e., graphene, topological insulators),

different types of QHE have been observed.

2.2.3.1. Quantum Hall effect in graphene

Graphene is a monolayer of carbon atoms packed into a dense honeycomb crystal
structure that can be viewed as an individual atomic plane extracted from graphite. It can be
viewed as bipartite lattice composed of two interpenetrating triangular sublattices, with the
“A” sublattice at vectors R =nd +n,b (n; and n; are integers), and the “B” sublattice at
vectors R=R-(a +I;)/ 3, as shown in Fig. 2-6(a). Using the phenomenological

nearest-neighbor tight-binding model, the energy of the graphene electrons is given by [106]

k k
E= i\/tg[l + 4cosz(yTaO) + 4 cos( yz% ) Bos(x */23"0 N (2-13)
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where 1) is the nearest-neighbor hopping energy, and ap = 2.46 A is the lattice constant. Most
importantly, the conduction and valence bands correspond to the different signs; they touch
each other at six points, the "K-values" of the two-dimensional hexagonal Brillouin zone.
Two of these six points are independent (termed as K and K’ in Fig. 2-6(a)), while the rest are
equivalent by symmetry. In the vicinity of the K-points the energy depends linearly on the

wave vector that

E =xhv, k] +k’ (2-14)

In this unique Dirac-cone-like system, electrons and holes are degenerate at the Dirac

point, and the LL formation under a perpendicular magnetic field, is given by [107, 108]

E = i\/Zehvprﬂ](n + %) i% | (2-15)

In 2005, A.K Geim group [108] and P. Kim group [107] reported the experimental
observations of QHE in graphene. The observed quantized Hall conductance in graphene
showed dramatic differences compared with the conventional 2DEGs. From Figs. 2-6(c) and

(d), it can be seen that the ¢x, quantization is in accordance with

1
o, =*4(n+ E)e2 /h (2-16)
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Figure 2-6. Quantum Hall effect in graphene systems. (a) Honeycomb lattice and the band
structure of graphene. (b) LL distribution in graphene. (c) QHE observed in graphene by A.K

Geim et. al. Adopted from Ref. [108]. (d) QHE observed in graphene by P. Kim et. al.
Adopted from Ref. [107]

To understand the physics of such extraordinary QHE in graphene, it is noted that when
only low-lying LLs (|n| < 10 for B = 10 T) are occupied, the separation of E, is much larger
than the Zeeman splitting energy, so each LL has a degeneracy g = 4, accounting for both the
spin degeneracy and sublattice degeneracy. Consequently, the step between neighboring Hall
plateaus is Ao, = 4¢” / hin the graphene system. In the meanwhile, it is also noted that the
quantization condition is shifted by a half-integer, and the sequence of such half-integer

multiples of quantum Hall plateau is on the basis of “relativistic” LLs with the particle-hole
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symmetry of graphene. Specifically, time-reversal invariance guarantees particle—hole
symmetry; 0, is therefore an odd function in energy across the Dirac point. However, in
graphene, the zero LL is robust—that is, £y = 0 regardless of the magnetic field—provided
that the sublattice symmetry is preserved [106]. In other words, all higher LLs (n > 1) are
occupied by fermions with both () pseudospins, while for the n = 0 case, the degeneracy is
half, and the zero LL is shared equally by electrons and holes. Consequently, the first Hall

plateau of o, for electron and hole is situated exactly at +(g;-€*/h)/2.

More fundamentally, the consequence of the half integer quantum Hall effect in
graphene can be viewed in terms of Berry’s phase arising from the band degeneracy point.
Specifically, let us consider a circular path in k-space at the vicinity of point K or K’ where
the energy is a linear function of & =k - K. Now, if we expand the wavefunction to first

order in d around the K point based on Eq. (2-13), we can obtain that

V3 V3

E(k)= to[-%idé [a+b)+ 731'&? [d -b)] = 73 | & |ate ™ e (2-17)

where @is the angle from the x-axis in the kx-k, plane. Therefore, E (lg ) has a phase of ¢= G-
772. Since the wavefunctions have phases of £¢/2, they change phase by = when 6 increases
by 2m, that is, when the k-vector goes once around a loop surrounding a K point.
Equivalently, if we move adiabatically in k-space around the K point, the wavefunction

acquires a “Berry phase” ¢/”= -1 when completing a circuit. Therefore, the massless Dirac
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state gives rise to a /7-Berry phase in graphene, and causes the half-integer-shift in the QHE

results in the graphene system.
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Figure 2-7. Fan diagram for SdH oscillations in graphene. Adopted from Ref. [107].

In fact, the 77Berry phase in graphene can be further probed from the SdH oscillation,
given the Onsager relation described in Eq. (2-7). Specifically, in the magnetic field regime,

the semiclassical magneto-oscillation description holds:

AR =R(B,T)cos[271(B, /| B+1/2+y)] (2-18)

where R(B,T) is the SdH oscillation amplitude, Br is the frequency of the SdH oscillation in
1/B. In graphene, the Berry phase-associated term )= 1/2, and experimentally, this phase

shift is obtained from the SdH fan diagram, in which the sequence of values of //B, for the
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nth minimum in R, are plotted against their LL index n, and the intercept of linear fit to the

data is found to be 0.5, as shown in Fig. 2-7.
2.2.3.2. Quantum Hall effect in 3D Topological Insulators

From Section 1.2, we know that for a perfect 3D TI system with the bulk states truly
insulating, the gapless topological surface states on both the top and bottom surfaces can be
regarded as two independent g = 1 Dirac system since there is neither spin nor sub-lattice
degeneracy. Accordingly, when large perpendicular magnetic field is applied, both surfaces

are driven into two half-integer QHE states with
_ 1 > _ 15
o, (top) =(n+ E)e /h, o, (bottom) = (m + E)e /h (2-19)

And the total conduction o (total) = (n++m +1)e’ / his expected to persist in the 3D
system (whereas for conventional IQHE, 2D is strictly required in order to form the discrete
LLs, as discussed in Section 2.2.1). Unfortunately, struggled by the poor TI sample quality
with remnant bulk conduction, it is extremely difficult for us to verify the 3D QHE

phenomena over the past a few years.

Finally in 2014, Y. Chen’s group successfully prepared the intrinsic bulk BiSbTeSe:
(BSTS) material where the bulk is highly insulating with negligible conductance [109]. After
transferring a 160-nm-thick exfoliated BSTS flake onto the SiO»/Si substrate, they
demonstrated the gated-tuned QHE in the 3D regime. As shown in Fig. 2-8(a), quantized (and

developing) plateaus in &, at ve’/h with integer v = 1, 2 (and 3) are clearly observed,
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concomitant with vanishing Oix (minimum in Ox), and the observation is consistent with the

o, (top) = %ez /h- o, (bottom)=(m + %)e2 /h situation.
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Figure 2-8. Quantum Hall effect in 3D Topological Insulators. (a) Gate-tuned QHE in the
160 nm BSTS sample. 2D longitudinal and Hall conductivities are extracted in units of e*/h.
(b) Magnetic-field-dependent QHE in the 160 nm BSTS sample. The back-gate voltage is
firstly applied to tune both the top and bottom surfaces into the first LL states at low
magnetic field B ~ 10 T. Adopted from Ref. [109].

To further manifest the Dirac-fermions-related QHE states on both the top and bottom
surfaces, they carried out the following experiments: they first applied the back-gate voltage
to move the Fermi level position of the bottom surface states such that both surfaces were
tuned into the first LL regime at low B ~ 10 T. Then by sweeping the magnetic field, they
observed that the step of neighboring quantum Hall plateau was 2e*h, indicating the equal
contribution from both surfaces. Subsequently, the results shown in Fig. 2-8(b) provides the

direct evidence of double half-integer QHE states in the 3D TI regime.
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2.3. Quantum spin Hall effect

In Section 1.2, we summarized the discovery of QSHE in 2D HgTe/CdTe and InAs/GaSb
systems and the related TR-invariant physics. In contrast to QHE, the realization of
disspationless helical edge conduction in the QSHE insulators does not need the presence of

external magnetic fields. Nevertheless, under particular condition, it is possible to convert

QSHE into the QHE state.

One way to understand the QSHE insulators is to regard them as two copies of the QHE
system, as illustrated in Fig. 2-9 [30]. In principle, for a given spinless 1D system, both
forward and backward electron movements are allowed. In a QHE bar, due to the
TRS-breaking by the magnetic field, these two basic degrees of freedom are spatially
separated, as expressed by the symbolic equation “2 =1 + 17, In Fig. 2-9(a), the upper edge
supports only a forward mover and the chiral edge conduction is robust (i.e., immune to any
scattering process). On the other hand, the QSHE system has four basic degrees of freedom,

which are spatially separated as “4 =2 + 2 [30].

(a) spinless 1D chain (b)  spinful 1D chain

= - < 1;‘1 2

ﬂ2=1+1 4=2+2

&, 4
QH QSH
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Figure 2-9. Analogy between QHE and QSHE. The spatial separations can be expressed
by the symbolic equation (a) “2 = 1+1” for QHE, and (b) “4 = 2+2” for QSHE. Adopted from
Ref. [30].

From Fig. 2-9, it is reasonable to argue that if we apply external magnetic field in the
QSHE system, then the “4 = 2+2” situation is expected to reduce to the QHE “2 = 1+1”
condition, as the result of TRS-breaking. In other words, by applying perpendicular magnetic
field, a QSHE state will be reduced to the QHE state. In fact, in their first experimental
QSHE work, M. Koénig ef al. indeed observed the QSHE-QHE transition in the CdTe/HgTe
QWs [34]. Figure 2-10(a) shows the magnetic-field-dependent Hall resistance results. It can
be clearly seen that with non-zero magnetic field, Ry, quickly deviates from the original Ry, =
0 Q point, and gradually exhibits the quantized step with respect to the applied magnetic
field. In the meanwhile, the longitudinal resistance also vanishes to almost zero as long as the

applied magnetic field is larger than 0.05 T, as shown in Fig. 2-10(b).
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Figure 2-10. Transition between QSHE and QHE. (a) After applying external
perpendicular magnetic field, QHE is observed in the CdTe/HgTe QWs. (b) Angle-dependent
magneto-resistance measurements in the QSHE regime. Adopted from Ref. [34].

2.4. Quantum anomalous Hall effect

It is known that both the ordinary Hall effect and anomalous Hall effect in the
solid-state transport are the result of the breaking of TRS. Specifically, in the former case, a
perpendicular magnetic field is needed to deflect the conduction charge particles in order to
generate the transverse voltage Vyy; in the latter case, spontaneous magnetization replace the
external magnetic field, and V5, arises from the spin-orbit interaction between charge current
and magnetic moments. Since the discovery of the quantum Hall effect (QHE) 1980 [104],
quantized dissipationless chiral edge conduction have been observed in various high-mobility
2DEG systems under high magnetic field. On the contrary, for decades, little progress was
made on the realization of quantum anomalous Hall (QAHE) effect after the first theoretical
model proposed by Haldane in 1988 [106]. It was not until the discovery of TI materials that
the search for the suitable non-zero Chern insulators and QAHE became practical. In this
section, we will briefly introduce both the theoretical predictions and experimental
observations of QAHE in the magnetic TI materials, and we will also compare the physics

among these different transport quantum phases.
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2.4.1. Construct QAHE from QSHE in a 2D System

Since 2007, the realization of QSHE in the HgTe/CdTe 2D TI system brought a new
impetus to construct QAHE [34, 37]. Given the close topological relation between these two
quantum phenomena, it is argued that the helical edge state in the QSHE regime can be
viewed as two copies of the QAHE channels with opposite chirality [29, 31]. Therefore, if
one spin block can be suppressed due to TRS-breaking, the single QAHE conduction is thus
realized. In 2008, based on the 2D TI four-band model described by Eq. (1-2), C.X. Liu et
al. investigated the topological surface band change by introducing additional Mn ions into
the HgTe/CdTe QWs [110]. In this case, the spin splitting term induced by magnetization can

be expanded into a phenomenological form as

G, 0 0 0
0 G, 0 0
H, = (2-20)
0 0 -G, 0
0 0 0-G,

where the spin splitting energy difference is 2Gg for the two electron sub-bands |E;, +>, and
2Gy for the two hole sub-bands |H;, £>. Under such condition, if GgGr < 0 (i.e., assume Gg
< 0 and Gz > 0), the spin splitting for |[E;, +> and |[H;, £> would have opposite signs; with
large enough splitting energy, the band inversion of the |E;, +> and |H;, +> states still holds,
while the |E;, -> and |H}, -> sets finally enter the normal regime, leaving only spin-up edge
states in the quantum transport (QAHE) regime, as illustrated in Fig. 2-11(a). Following the

same spin splitting (i.e., Ge'Gy < 0) scenario, R. Yu et al. later pointed out that even the
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four-band system was originally in the topological trivial (non-inverted) phase, proper
exchange field would also induce a band inversion in the spin-up sub-bands (|E;, +> and |H],
+>) while pushing the spin-down sub-bands (|E;, -> and |H;, ->) even further away from each
other (Fig. 2-11(b)) [49]. Under such circumstances, the single QAHE conduction could also

be constructed.

In fact, although C.X. Liu et al.’s model sounds feasible, in reality, the Mn moments in
the Hgi«MnyTe system do not order spontancously, therefore they fail to generate required
spin splitting energy. Alternatively, since pronounced magnetization can be generated from
the bulk Van Vleck susceptibility in the Cr-doped TI films even if the bulk reaches the
insulating state, R. Yu et al. proposed an improved model to realize QAHE in the Cr-doped
tetradymite-type TI systems [49]. They found that when these Cr-doped 3D TI films reduced
their thickness into a 2D hybridization regime, quantum tunneling between the top and bottom
surfaces became pronounced [29, 111-113], giving rise to a finite mass term, my = my + Bk’ +

k%), and the surface Hamiltonian could be further modified as [49]

h, +gMao, 0

. 2-21
0 h —-gMo, (2-2)

where h, =m0 +v,(k,0, -k 0, ). Under the spatial inversion symmetry assumption (i.e.,
neglecting the band bending of the top/bottom surface states in the thin film), vr, g, and M were

of same values for the top and bottom surfaces, and therefore, the requirement of Ge-Gy < 0 was
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automatically achieved. In the subsequent section, we will discuss the realization of QAHE in

Cr-doped TI in the 2D hybridization regime based on R. Yu et al.’s model.
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Figure 2-11. Construct quantum anomalous Hall in 2D regime. Evolution of band
structure and edge states upon increasing the spin splitting for (a) Inverted band and (b)
Non-inverted band. In both cases, G¢ < 0 and Gy > 0; the spin-up sub-bands (|£;, +> and |H},
+>) remain inverted, while the spin-down sub-bands (|E;, -> and |H;, ->) enter the normal
insulating states.

2.4.2. Observation of QAHE in 5 QL Cro.15(Bio.1Sbo.9)1.85Te3 Film

In 2013, C.Z Chang et al. from Tsinghua University firstly reported the observation of QAHE
on the 5 QL Cro.15(Bio.1Sbo9)1.85Tes film grown on the SrTiO; (111) substrate [114]. In their

work, QAHE was achieved at 30 mK, as shown in Figs. 2-12(a) and (c). Specifically, when
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the Fermi level was electrically tuned into the surface gap (Vg ~ -1.5 V), Ry, was quantized at
h/e’ (25.8 kQ), and such quantized value was nearly invariant with the external magnetic
field, suggesting perfect edge conduction and charge neutrality of the film. In the meanwhile,
the giant MR (2251%) was observed in Fig. 2-12(c), and it related to the quantum phase

transition between the two opposite QAHE states via a highly dissipative bulk channel.

In addition, the gate-dependent Ry, and R, at zero field were provided in Fig. 2-12(b),
and authors showed that R, exhibited a distinct plateau with the quantized value A/e?;
correspondingly, the longitudinal R, experienced a sharp dip down to 0.098 A/e’. Recently,
H.Z. Lu et al. fitted these transport data with an effective conduction model, and the
agreement between the theory and the experiment confirmed that the transport in the QAHE
regime indeed originated from the topological non-trivial conduction band, which had a
concentrated Berry curvature and a local maximum in the group velocity [115]. Besides, in
C.Z Chang et al.’s experiments on the 5 QL film, a non-zero longitudinal resistance Ry was
observed in the QAHE regime at zero field. By further applying a large perpendicular
magnetic field (i.e., B> 10 T), the 5 QL film was finally driven into a perfect QHE regime,
and R, diminished almost to zero [114]. The origins of such phenomenon have been further
analyzed, and both the variable range hopping (VRH) [114] and the gapless quasi-helical
edge states in the 5 QL Cr-doped TI film [116] have been proposed to explain such

field-dependent Ry, results.
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Figure 2-12. The QAH effect in the SQL Cro.15(Bio.1Sbo.)1.85Te3 film. (a) Magnetic field
dependence of Ry, at different V. (b) Dependence of R(0) (empty blue squares) and R.(0)
(empty red circles) on Ve (c) Magnetic field dependence of Ry at different Ve (d)
Dependence of 0:,(0) (empty blue squares) and 0w(0) (empty red circles) on V. The vertical
purple dashed-dotted lines in (b) and (d) indicate the V, for the charge neutral point. Adopted
from Ref. [114]

2.4.3. Scale-invariant quantum anomalous Hall effect

Section 2.4.1 discussed the roadmap to construct the QAHE from QSHE in the 2D
hybridized magnetic TI system. In general, given the intrinsic relation between the Berry
phase and the anomalous Hall conductance [105, 117, 118], it has been suggested that the

quantized Hall conductance without the presence of external magnetic field can be realized in
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a ferromagnetic insulator which has a non-zero first Chern number (C;) due to the non-zero
integral of the energy band Berry curvature [29, 87]. To this regard, it was proposed by
several groups that QAHE could also be derived from the gapped top and bottom surfaces in
a 3D magnetic TI systems [29, 119-121]. In fact, for an ideal 3D magnetic TI material with
insulating bulk state, the out-of-plane magnetization opens gaps on the top and bottom
surfaces, and changes each surface into a non-zero C; phase with a half-quantized Hall
conductance (e’/2h), as illustrated in Fig. 2-13(a) [29, 119]. Due to the opposite local basis
defined with respect to the normal direction 7 (Fig. 2-13(b)), the effective Hamiltonians of

the top and bottom surfaces can be written as

Heﬁ = iVFh(k"a-)/' - k)/'a-x) + Azaz (2‘22)

where +/- represents the top/bottom surfaces, and 4. = gM.. Therefore, the massive Dirac
fermions at the top and bottom surfaces have opposite masses (x4./F7) [119]. In the
meanwhile, since the side surfaces in the thick 3D magnetic TI system is parallel to the
magnetic moments, their topological surface bands remain massless. Under such
circumstances, we can regard the 3D magnetic TI system as two massive Dirac fermions with
opposite masses separated by a massless Dirac fermion in between, or equivalently, the
gapless side surface acts as the domain wall between the two topologically different phases,
as shown in Fig. 2-13(b). Just like the case in a usual QHE system, the half-quantized chiral
edge channels will be trapped at this interface between the side surface and the top/bottom

surface. More importantly, since the TRS is protected for the gapless side surface states, the
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side-surface conduction is non-chiral, and it does not contribute to the Hall conductance; in
other words, the stability of the quantized chiral edge state is well-maintained. As a result,
QAHE can always be realized in the thick 3D magnetic TI samples as long as the bulk
remains insulating and the quantized chiral channels are well-confined at the domain

interface.

More recently, both H. Jiang et al [122] and J. Wang et al. [120] proposed a more
generic way to construct QAHE with tunable Chern number in thick magnetic TIs. Following
the same spin splitting process as elaborated in Fig. 2-11, they found that the on-site band

inversion depended on the critical film thickness d, as [120]

d, >nm /B, (D, —m,) (2-23)

where n represents the n™-order sub-bands, mo is the energy difference between the
lowest-order inverted conduction and valence sub-bands, and B: is the z-axis coefficient of
the gap parameter m(k) defined in Eq. (1-2). Consequently, with a given exchange field
strength, QAHE with higher plateaus is possible in the thick magnetic TI films with
insulating bulk states, and the QAHE is, in principle, a universal quantum phase regardless of
thickness (whereas in the QHE regime, the formation of the precise Landau level quantization

requires the electrons to be strictly confined in the 2D region [123]).
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Figure 2-13. Quantum anomalous Hall effect beyond 2D regime. (a) Schematic of a 3D
magnetic TI with an out-of-plane magnetization M-, and the formation of chiral current on the
top and bottom surface boundaries. (b) A chiral edge state will form around the domain wall
between the 2D Dirac fermions with positive and negative masses. The arrows indicate the
flow of the edge current.

2.5. Summary of Chapter 2

The completion of quantum Hall trio has greatly broadened our understandings about the
electron movement in solids. Likewise, the discovered scale-invariant dissipationless
conduction in these three quantum transport states has inspired us to the development of
practical low-power-consumption electronics/spintronics applications. In this chapter, we
outline the fundamental physics and relations between different Hall effects. In general,
QSHE is a result of band inversion due to large SOC; since TRS is well-protected in such

QSH insulators, helical edge states with both spin-up and spin-down electrons are allowed
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and the conduction is immune to non-magnetic impurities. On the other hand, when TRS is
broken by either perpendicular magnetic field or magnetic order, helical edge states are
reduced to the single chiral channel, which in turn gives rise to QHE and QAHE, and
backscattering from any impurity is strictly forbidden owing to the nature of chirality. In the
meanwhile, it can be seen that the quantum Hall trio can convert to each other in certain
conditions, depending on whether magnetic field or magnetic dopant is applied to the system.
More importantly, due to the exotic bulk-insulating, surface-conducting feature of (magnetic)
TIs, the QAHE state is expected to persist beyond the 2D limit, leading to the scale-invariant
dissipationless conduction in all dimensions. In Chapter 5, we will show our detailed
experimental work on the MBE-grown Cr-doped (BiSb);Tes thin films to demonstrate QAHE

and its universal quantum phase diagram across the 2D hybridization limit.
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Chapter 3
Molecular Beam Epitaxy Growth of Magnetic Topological

Insulators

In this Dissertation, all the magnetic TI thin films were grown in an ultra-high vacuum
Perkin-Elmer MBE system at the Device Research Laboratory (DRL) of UCLA. The growth
process was monitored by in-situ reflection high-energy electron diffraction (RHEED). After
magnetic TI thin film growth, atomic force microscopy (AFM) was applied to visualize the
surface morphology, and magnetic properties were examined by superconducting quantum
interference device (SQUID); both AFM and SQUID were provided by Materials Lab at The
Molecular Instrumentation Center (MIC) of UCLA. In addition, detailed characterizations of
the crystal structures and chemical composition were performed on the FEI TITAN
Cs-corrected high-resolution transmission electron microscopy (HRTEM) operating at 200

KV at Center for Electron Microscopy of Zhejiang University, China.

For quantitative electrical, magnetic, and optical characterizations, the magnetic TI thin
films were first patterned into the Hall bar geometry using conventional optical
photolithography method. For top-gated devices, high-k AlO3; deposited by atomic layer
deposition (ALD) was used as the dielectric layer, and the gate contact were prepared via
standard e-beam evaporation. All the fabrication process was done at Nanoelectronics

Research Facilities (NRF) of UCLA. Magneto-transport measurements were conducted in the
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Quantum Design Physical Property Measurement System (PPMS) at UCLA, Institute of
Physics (IOP) at Academia Sinica Taiwan, and National High Magnetic Field Laboratory
(NHMFL) at Tallahassee. Besides, magneto-optic Kerr effect (MOKE) system was also used
to study the magnetic properties of our samples. Accordingly, in this Chapter, brief
introductions regarding the basic operational principles of some techniques and relevant

experimental results will be addressed.

3.1. Molecular beam epitaxy

Molecular Beam Epitaxy (MBE) has become a very popular growth method ever since
its invention in 1970s [124]. It possesses huge advantages over other growth methods, in
terms of perfect crystalline quality growth, excellent thickness and doping level control,
possible surface engineering, and potential integration of heterostructures and superlattices
for more complex device structures. Therefore, even though MBE systems are not suitable
for the production line due to its low throughput and difficult maintenance, they are still a
very useful tool for research laboratories to realize all kinds of thin films.

MBE operates in an ultra-high vacuum (UHV) environment with the base pressure
below 10710 torr. By thermally evaporating highly purified elemental sources (i.e., atomic
beams), atomic layers can be deposited on the substrate one-at-a-time, and the term “epitaxy”
refers to the growth mechanism that the adhesion layer is forced to mimic the lattice
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configuration of the substrate. Therefore, by choosing a particular substrate and a set of
growth parameters, we can achieve non-equilibrium growth and produce single-crystalline
thin films. In general, the standard MBE process usually involves a sequence of meticulously
executed steps, typically starting from substrate preparation, stabilizing evaporation sources,
the preparation of a buffer layer, the growth of thin film, the subsequent post-growth

annealing, and finally the passivation/cap layer deposition.

At DRL, our MBE system is modified from the original Perkin-Elmer solid source one,
and has been fully implemented with various capabilities to synthesize and characterize
tetradymite-type magnetic TI thin films (Figure 3-1). Since most elements (Bi, Te, Sb, Se, Al,
Cr) used in this Dissertation have relatively low melting points (i.e., below 1500 °C), regular
high-temperature effusion cells (Knudsen cells) are used. The operational principle of the
MBE growth is to use radiation heating of pyrolytic boron nitride (pBN) crucibles by
tungsten heating filaments. During the thin film growth, the flux rate can be very stable by
accurately controlling the Knudsen cell temperature (= 0.1 °C) since the atom vapor pressure
is directly proportion to the source temperature. In addition, for special atoms like Se and Sb,
their product distributions strongly depend on the cell temperature, and the principal thermal

dissociation reactions at reduced pressures are governed by

Sb* = 28b* T>T,

(3-1)
Sb* = 28b T>T,
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Therefore, in order to fully utilize the monomeric element, valved crackers are added to the

basic Se and Sb effusion cells to offer higher temperature for cracking.

Figure 3-1. Solid-source MBE system designed for magnetic TIs growth. Currently, we
have installed five Knudsen cells and two valved cracker cells in the source panel on our
MBE system.

In our MBE system, UHV condition is achieved by successive pumping through three
cascade chambers. Specifically, combined with the roughing pump, the turbo pump in the
load-lock chamber is first used to pump down the pressure from atmosphere to 10 torr. This
value is then lowered down to 107 torr in the intro-tube stage by the ion pump. Finally in the
growth chamber, the base pressure is well-maintained under 10°'° torr with the co-pumping of

both the ion pump and the cryo-pump. Meanwhile, the use of a liquid N2 shroud around the
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inner chamber of the growth system can provide effective radiation shield around the hot
sources and sample heater, and it thus helps to maintain the vacuum as low as 107 torr

during deposition.

To monitor the vacuum condition, two kinds of vacuum gauges are used in our TI MBE
system based on their operation ranges, namely the thermocouple gauge and ion gauge. The
thermocouple gauge is used to read out the pressure by measuring the temperature of filament
inside since the heat conduction between the filament and its enclosure is proportional to the
pressure in molecular flow. However, when the base pressure is below 102 torr,
thermocouple gauge fails to work since wire thermal conductance becomes dominant in the
lower pressure regime. Instead, ion gauge is used in the pressure region as low as 10! torr by
measuring the electrical ions when the localized gas is bombarded with thermionic emission
generated electrons. In addition, the components of gas species inside the chamber are
monitored in real-time residual gas analyzer (RGA). The principle mechanism of the RGA is
shown in Fig. 3-2(c): the neutral gas molecules in the growth chamber are firstly ionized and
gain enough kinetic energy through the ionizer region, then it will diffract when both the
vertical voltage and the magnetic field are applied, and only those ions with m/e equals to
2KB?/eE? will be collected by the detector. Consequently, by sweeping the voltage, we can
obtain the components of the gas species and their pressure magnitudes from the RGA

spectrum.
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Figure 3-2. Vacuum gauges used in the MBE system. (a) thermocouple gauge, (b) ion
gauge, and (c) RGA.

3.2. Reflection High Energy Electron Diffraction

RHEED is the most useful tool for real-time quantitative characterization of epitaxial
growth, owing to its surface sensitivity, large working distance, and the reflection geometry
compatible with deposition [125]. The RHEED system used in our MBE system consists of
an 8 keV coherent electron gun (e-gun) and a phosphor screen/CCD imaging system
developed by KSA Associates to record the diffraction patterns for the as-grown surface
configuration. As illustrated in Fig. (3-3), coherent electrons are firstly accelerated by the
e-gun, and then pass through two pairs of deflection control coils to form the incident beam

with the specific angle onto the sample. The reflected beam will then reach the phosphor
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screen and generate fluorescent light. The appeared RHEED pattern will finally be captured

by the CCD camera.

. - - . e e e - -

Camera

.- . Phosphdr Screen

Deflection Coils
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Figure 3-3. Schematic diagram of a RHEED system. Inset: Diffraction of the incident
electron beam by the surface lattice.

In our RHEED system, the 8 keV e-gun beam provides a coherent electron beam

wavelength of A=0.26 A, given by the relativistic expression:

1= h 0 12.3 (3-2)

\/ZmeeV +(6VT Jrl1+1.95%107°7)

c

where m. is the electron rest mass, e is the electron charge, V' is the acceleration potential in
volts, ¢ is the speed of light, and 4 is the Planck’s constant. Such wavelength is quite small

compared to atomic spacing in crystal lattice (3~5 A), thus making RHEED sensitive to the
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interatomic structures. In the meanwhile, the small grazing incident angle of the RHEED
beam with respect to the surface (typically 1 - 5°) corresponds to a very small penetration
depth, which in turn makes the diffraction pattern extremely sensitive to the surface layer of
the as-grown films. Therefore, by monitoring the RHEED patterns during the sample, in-situ
growth condition, along with the evolution of surface structures, can be examined

systematically.

In practice, the reflection electron beam always carries both elastic and inelastic scattered
components. However, because of the small grazing incidence angle &, most electrons are
elastically forward scattered. Consequently, by neglecting inelastic part, RHEED patterns can

be modeled by using the Laue diffraction condition [125]
27 \
IKHK,+K, |:7, G=K,-K,=hA+iB (3-3)

where K’/ and K, are the electron wavevectors parallel to the surface for the diffracted and
the incident beams, respectively. G is the reciprocal-lattice vector, and 4 and B are the

reciprocal basis vectors corresponding to the unit vector (ax + by ) of the surface structure in

real space. Energy conservation law would require:
K’ =K? =K’ +K} =K} +K/ (3-4)

where K’nand Ko are the electron wavevectors perpendicular to the surface for the diftracted
and the incident beams, respectively. It is thus concluded that all possible solutions of the

diffracted beam K’ for Egs. (3-3) and (3-4) will form the so-called Ewald sphere, and the
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Laue condition is re-formulated as the intersections between the reciprocal lattice points and

the Ewald sphere, as highlighted in Fig 3-4 (a).

(a) (b) L+ G0 =6; o
o
Diffracted
E-beam K.
I L,
Ewald sphere L2
,cs
L4
Ak
Dirac beam —

Figure 3-4. Ewald sphere for the construction of RHEED pattern. (a) The allowed
diffracted beam must satisfy the diffraction condition that k, [F —k U =n2m/a+m2m/b

(b) RHEED pattern corresponds to a perfectly flat 2D surface in the k-space.

Mathematically, since the reciprocal k-space is the Fourier transform of the real space,
we can therefore quantitatively construct the surface morphology from the observed RHEED
pattern. For the ideal infinite perfect 2-D surface, the in-plane rectangular lattice with lattice
constants a and b corresponds a reciprocal lattice with a set of 2D line matrix with infinite

. . . . 2 2 .
length and zero width, and neighboring lines are spaced at — and ry in the two
a
respective orthogonal directions. Under such circumstances, when the reciprocal line matrix

is cut by Ewald sphere, RHEED patterns with concentric rings of dots are produced, as

shown in Fig. 3-4(b).
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Figure 3-5. RHEED pattern for MBE-grown TI films. (a) Diffraction pattern for a finite
2D sheet. The amplitude is proportional to the size (S; > S2 > S3). (b) The projection of the
truncation rod onto the RHEED screen. (¢) RHEED patterns for the 2D Cr-doped (BiSb),Tes
thin film surface. (d) RHEED patterns for the poly-crystalline Bi>Ses thin film surface.

In reality, the surface of the as-grown film always has a finite size, and the diffraction
pattern of such finite 2D sheet is shown in Fig. 3-5(a) with the amplitude distribution A(k)

given by

1 -exp(ilk, Na) 1 —exp(ibk , Mb)
1-exp(ibk,a) 1-exp(ibk b)

A(k) = (3-5)

where N ad M are integer numbers, and AK =K'-K =Ak [X+Ak [J. In other words, the
diffraction patterns are an array of infinitely long rods with the diameter inversely
proportional to the coherence length of the atomically flat area in the real space. Moreover,
given the small angle between such rod array and the RHEED screen, which is the same as
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the diffraction angle ; the resulting RHEED pattern will appear to be the elongated steaks
instead of dots, as shown in Fig. 3-5(b). Alternatively, if the surface contains terraces with
random orientations which means arbitrary combination of (@, b) can be allowed along the
surface, and the RHEED pattern will evolve from distinctive diffraction spots to

poly-ring-like shape, as shown in Fig. 3-5(d).

Another important feature for RHEED monitor is the observation of intensity oscillation
versus growth time during the epitaxial growth. If the diffusion length (Lay) of the adatoms is
smaller than the size of the single terrace (L2p), layer-by-layer growth mode (also called
Frank-van der Merwe growth) is expected where one layer is completed before molecular
atoms are added to the following layer, as shown in Fig. 3-6(a). As a result, the surface (and
thus the RHEED intensity) periodically changes its morphology because of the nucleation
and coalescence of islands in the growing layer. Accordingly, we can infer the growth rate by
counting the periodicity of the RHEED oscillation spectrum. The damping of the oscillations
and the recovery after growth both happen on a timescale considerably longer than the
oscillation period. We can interpret this as an increase of long-range roughness that
approaches a steady state in the limit of totally damped oscillations. On the other hand, if Lajy>
L>p (this condition is normally achieved when the substrate temperature is increased), the 2D
epitaxial growth is dominated by the step-flow growth mode. In this case, the monatomic step

edge (due to slightly mis-cut during the wafer preparation) will act as the major sink for the
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diffusing adatoms and there be no 2D nucleation on the terrace, thus resulting in no L2p and

RHEED intensity change during the step-flow growth [126].
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Figure 3-6. Layer-by-layer and Step-flow growth modes. (a) In the layer-by-layer growth
mode, 2D nucleation occurs as a result of limited diffusion length. (b) Once the adatoms have
enough kinetic energy to migrate over the terrace, step-flow mode is anticipated with a
relatively constant RHEED intensity.

3.3. Magnetic topological insulators thin films growth

As mentioned in Section 1.3, introducing magnetic ions into the host TI materials is the
most effective way to generate robust magnetism and open a gap of the surface states. In this

section, we would like to present our work on the preparations of magnetically doped TI thin

films by MBE.
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3.3.1. Crystal structure of 3D topological insulators

The most commonly used 3D TIs are a tetradymite-type V-VI compound
semiconductors, with the form of A;'B3" (A=Bi,Sb and B=Te,Se). Here, we take Bi>Ses as
the example. The crystal lattice is rhombohedral and belongs to a space group of D3, (Rgm)
with five atoms in one unit cell. The essence of BixSes is characterized by the octahedral
bonding (with dsp?® and d’sp? hybridizations) and a van der Waals gap separating five atom
layer lamellae, called quintuple layer (QL). The sequence of layers within the lamellae is Se®
— Bi - Se® — Bi - Se) in the plane perpendicular to the trigonal axis, as shown in Fig. 3-7(a).
The superscripts (1) and (2) denote differently bonded Se atoms. The bonding is primarily
ionic and covalent within the layers (Se) — Bi and Bi - Se®?), and the van der Waals force
dominates between the Se double layers (Se®™ - Se?). Such Van der Waals gap gives the
structure a distinctly anisotropic character similar to other layered materials, such as BaF>,
MoS>, BN and graphene. Although the crystal system of BixSe; is classified as a
rhombohedral Bravais lattice, they are twinned together in groups of four into a larger
hexagonal system. In a unit cell under the hexagonal representation, the lattice constant along
the c-axis (lattice constant = 28.58 A) is much larger than the lattice constant along a-axis
(lattice constant = 4.14 A) in Bi>Ses. This big difference in the lattice constants along
different directions results in a highly anisotropic crystal structure. Therefore, to achieve
epitaxial growth of BixSes, the substrate should be chosen along (111) for diamond structure

or (0001) for hexagonal structure.
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Figure 3-7. Crystal structure of 3D TIs and energy gap-lattice constant chart. (a) 3D
view of BixSes, highlighting the layered Se-Bi—Se—Bi-Se structure and the Van der Waals
gap among neighboring QLs. (b) Lattice constants and energy gaps of different substrates and
TI materials. Various substrates are marked by open symbols, while TI materials are marked
by solid squares. Adopted from Ref. [127].

It is known that for conventional semiconductors with covalent or ionic-bonded
structures, the epitaxial growth is only allowed on suitable substrates which have the same
lattice constant. In contrast, owing to the presence of the Van der Waals bonds between the
QLs of TI materials, the so-called Van der Waals epitaxy growth mechanism is quite
different [128]. Due to the weak van der Waals interaction, the lattice matching condition is
drastically relaxed. Consequently, a variety of substrates have been chosen for the growth of

(magnetic) TIs in our group, and high-quality epitaxial (magnetic) TI thin films have been

70



prepared despite the large lattice mismatch between the films and the substrates, as will be

elaborated in the following sections.

3.3.2. Cr-doped Bi:Se; films grown on Si (111)

Thin films of Cr-doped BixSe; are grown under an ultrahigh vacuum (UHV) system by
MBE. High resistivity Si (111) wafers (0> 10° Q[dm) are firstly cleaned with standard RCA
method: first trichloroethylene (TCE), second acetone, and finally 100 % ethyl alcohol; each
step the substrate is soaked in the solvent and sonicated for 10 to 15 minutes, and it is then
removed from the solvent bath and dried by filtered dry nitrogen gas [129]. The substrates are
then treated by the hydrofluoric acid (HF) wet etching (i.e., the Si wafer is dipped into the 5%
HF solution for a 30-second rinse) so that the surface dangling bonds are saturated by a layer
of hydrogen atoms and the (111) surface is 1 x 1 reconstructed to further enhance the film
quality [130]. Fig. 3-8(a) displays the RHEED pattern of the fresh H"-terminated Si (111)
surface. Both clear Kikuchi line and bright specular spot are observed, indicating the

epi-ready 2D surface.
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Figure 3-8. Cr-doped Bi:Ses thin film grown on H'-terminated Si (111) substrate. (a)
RHEED pattern of the fresh H*-terminated Si(111) surface. (b) RHEED pattern along
[11720] direction of an as-grown surface of Bi>«CrxSe3 with a thickness of 7 QLs. (¢) AFM
image of the Bij9Cro.1Ses thin film with the size of 0.3 pm % 0.3 pm. (d) HRTEM of the
Bi1.8Cro2Ses grown on a Si (111) substrate. Adopted from Ref. [131].

During the growth, high-purity Bi (99.9999%) and Cr (99.99%) are evaporated by
Knudsen effusion cells while single Se (99.99%) atom is produced by the SVTA cracker cell
in order to avoid the formation of Se? or Se* clusters. Since the adhesion coefficient of Se is
much less than that of Bi, the thin film growth is conducted under the Se-rich environment
with a nominal Se to Bi ratio approximately 10:1, which is expected to reduce the Se vacancy

defects [132]. In addition, the substrate is remained at a relatively high substrate temperature
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(300 °C) to optimize both the surface migration rate and Cr solubility simultaneously. In-situ
growth dynamics are monitored by our RHEED system, and the sharp streaky patterns in Fig.
3-8(b) manifest the 2D pseudomorphic growth. After the film growth, a 2 nm Al is
evaporated to passivate the surface at room temperature. Al film is later naturally oxidized to
form Al>Os3 after the sample is taken out of the chamber, and such oxide layer effectively
prevents the grown magnetic TI film from unwanted environment doping and aging effect

[133].

The surface morphology of the thin film is examined AFM. Typical triangular terraces
are revealed without visible clusters even with the Cr doping concentration reaching to as
high as 20%. Figure 3-8(c) illustrates the AFM image of a Cro.1Bii9Ses; sample with a film
thickness of 50 quintuple layers (QLs). The average terrace size is estimated to be 200 nm,
which is comparable with the un-doped Bi:Ses thin films grown on Si (111) substrates
following a similar growth method [132]. Further structural characterization is proceeded by
using HRTEM, as shown in Fig. 3-8(d), the layered structures of the 7QL single-crystalline
Cro.1Bi19Se; thin film can be clearly seen and the lattice spacing between (0003) planes is
measured to be ~1 nm, corresponding to one quintuple layer. It also confirms that there are no
clusters or second phase developed inside the crystalline structural matrix, within the
resolution of the HRTEM. This result indicates that Cr atoms are most likely uniformly
distributed inside the BixSes and the tetradymite quintuple layered structure is well

maintained.
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From Fig. 3-8(d), it is seen that there is an amorphous layer (~2nm) between the Si
substrate and the MBE-grown Cr-doped BixSe; films. Additional energy dispersive X-ray
spectroscopy (EDX) analysis suggests that such interfacial layer is probably SiSe> which may
be formed in the Se-rich environment during the initial annealing process [132]. Moreover, it
was reported by C.Z Chang ef al. that the substitutional Cr atoms in the host Bi>Ses matrix
might aggregate to form super-paramagnetic multimers which could locally open with
surface gap (yet show no long-range FM order) and thus made the whole Cr-doped system

too complicated for quantitative investigations [134].

3.3.3. Cr-doped (BiSb);Te; films grown on GaAs (111)B

In fact, the essence of Van der Waals growth is the non-existence of the dangling bonds.
Accordingly, it is suggested best TI films can be obtained on the Van der Waals 2D materials.
During the past five years, we have investigated various substrate materials, and so far our

best growth is achieved on the GaAs (111)B substrate.

Unlike Si substrate cleaning process, semi-insulating (0 > 10° Q-cm ) GaAs (111)B
substrates are cleaned by acetone with ultrasonic for 10 minutes before loaded into the
growth chamber. Then the substrates are annealed to 580 °C in order to remove the native
oxide; the whole pre-anneal process is carried out under a Se-rich environment. During the

growth, the GaAs substrate is maintained around 200 °C (growth temperature), with the Bi,
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Sb, Te, and Cr shutters opened at the same time. The obtained ternary (BixSbix)2Tes is a
non-stoichiometric alloy that has the same tetradymite QL structure. More importantly, from
our previous experience, due to the presence of intrinsic vacancies and antisite defects, the
MBE-grown Bi;Tes films tend to be n-type while the SboTes films have p-type hole as the
majority carrier [127, 135]. Therefore, by adjusting the Bi-to-Sb ratio, we can tune the carrier
type of the compound TIs, as shown in Fig. 3-9(a). With additional structural engineering
(i.e., control the film thickness), we are able to prepare high-quality Cr-doped (Bi.Sbi-

x)2Tes thin films with suppressed bulk carrier density.
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Figure 3-9. Tunable (BixSbi-x)2Tes compound TI system. (a) The carrier density as the
function of Sb concentration. During the growth, the Bi flux is kept constant while the Sb cell
temperature is modulated. Carrier type crossover from n-type to p-type occurs when Sb% >
60%. (b) Longitudinal resistance and carrier density as the function of film thickness. Lowest
carrier density of 8 x 10'' ¢cm?/V's has been achieved in thin films (d < 7 QL) with
suppressed bulk contribution at 7= 1.9 K.

In-situ growth dynamics of the Cr-doped (BixSbi-.)2Tes thin films are also monitored

by RHEED. Figure 3-10(a) shows the as-grown RHEED patterns taken att =0 s, 30 s, and 65
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s successively. Both the sharp 2D streaky lines and the bright zero-order specular spot persist
during the entire growth process (and both features are much more pronounced than the
Cr-doped BixSe; growth), indicative of the single-crystalline feature of the sample. The
smooth surface morphology is later confirmed by AFM as shown in Fig. 3-10(b) where
typical TI triangular terraces are preserved without any Cr aggregations or clusters.
Meanwhile, periodic RHEED oscillation is clearly observed during the film growth, as
highlighted in Fig.3-10(c). By fitting the RHEED oscillation periods, the growth rate is
extracted to be around 1 QL/min (Inset of Fig. 3-10(c)). From Section 3.2, we know that the
RHEED patterns directly reflect the surface lattice morphology in the reciprocal k-space.
Accordingly, we can inspect the as-grown surface configuration by using the d-spacing
evolution between the two first-order diffraction lines as shown in Fig. 3-10(a). From Figs.
3-10(c) and (d), it can be seen clearly that the d-spacing drops quickly as soon as the growth
starts, and the surface transition from the pristine GaAs to the Cry(BixSbix)2-yTes has
completed immediately after the formation of the first quintuple layer (QL). In addition, the
degree of the d-spacing change (i.e., -6.8%) corresponds to a Bi/Sb = 1 in the grown TI

compound material.
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Figure 3-10. Cr-doped (BixSbix)2Tes grown on GaAs (111)B substrate. (a) RHEED
patterns along [11 20] direction of the surface of Cr-doped (BiixSbx)2Te; thin film taken at 0
s, 30 s, and 65 successively during growth. The surface configuration transits quickly from
the GaAs to the TI layer. A sharp 2D pattern with a bright specular spot can be observed
during the growth. (b) AFM image of the Cr-doped TTI thin film with the size of 0.3 pm X 0.3
pm. (¢) RHEED oscillations of intensity of the specular beam. Inset: the growth rate of 1
QL/min is determined from the RHEED oscillation period. (d) d-spacing evolution of the
surface lattice during growth. After 1QL growth, the surface configuration from GaAs to
Cr(Bi1-xSbx)2Tes has completed. Both arrows in (c¢) and (d) indicate the beginning of thin film
growth. Adopted from Ref. [136].

After the sample growth, the EDX spectrometer is employed to perform elemental
mappings. A thin layer of Pt is deposited during the Focused ion beam (FIB) process in order
to protect the magnetic TI thin film. Figure 3-11(a) displays a typical high angle annular dark

field (HAADF) image of the cross-section Cr-doped TI film from a heuristic perspective. The
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white contrast from the TI film clearly indicates that the Cry(BixSbi.x)2-yTes film is composed
of much heavier atoms compared with the GaAs substrate. Specifically, the colored EDX
maps collected from both the TT (Bi, Sb, Cr, and Te) and substrate (Ga and As) are illustrated
individually in Figs. 3-11(b)-(g). The distribution of every component (especially Cr) is
uniform and there is no substitutional or interstitial doping/diffusion from the GaAs substrate,
therefore leaving the bottom TI surface intact. To elaborate the detailed structural
characteristics of the epitaxial film, HRSTEM investigation is performed. As shown in Fig.
3-11(h), single-crystalline Cry(BixSbix)2-yTes film with a sharp interface can be clearly seen
on top of the GaAs substrate. At the same time, the corresponding zoom-in HRTEM image in
Fig. 3-11(i) manifests the typical TI quintuple-layered structure. It is also identified that the
van der Waals interactions between adjacent quintuple layers indeed induce a larger gap
compared with the neighboring Bi/Sb-Te covalently-bonded sheets. Most importantly, the
highly ordered hexagonal configuration also confirms that there is no Cr interstitial defects or
second phase separation inside the TI thin film. Combined with Fig. 3-11(d) and the
theoretical anticipations, it may suggest that the Cr dopants prefer the stable substitution
formation inside the host TI matrix. Furthermore, from the overall EDX spectrum in Fig.
3-11(j), the chemical composition of the Cr-TI film is calculated to be Cro2(Bio.sSbos)isTes,
consistent with the d-spacing estimation in Fig. 3-10(d). From these data, we may conclude
that high-quality Cr-doped TI thin films with low defects, well-defined surfaces, and uniform

Cr distribution have been prepared by MBE.
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Figure 3-11. Crystalline structure and doping profile of the Cro.2(Bio.sSbo.s)1.8Tes thin
film. (a) HAADF image of the cross-section Cro.2(Bio.45Sbo4s)1.8Tes film grown on the GaAs
substrate. (b)-(g) Distribution maps of each individual element: (b) Bi, (c) Te, (d) Cr, (e) Ta,
(f) Ga, and (g) As. Cr dopants distribute uniformly inside the TI layer. (h) High-resolution
cross-section STEM image, showing the epitaxial single-crystalline Cro2(Bio.5Sbos)1.8Tes thin
film with a sharp TI — GaAs interface. (i) Zoom-in HRSTEM demonstrates the typical
quintuple-layered crystalline structure of 3D TIs. Neither Cr segregations nor interstitial
defects is detected. (j) EDX spectrum to examine the chemical element compositions. The Cr
doping concentration is estimated to be 10%. Adopted from Ref. [136].

To understand the sharp interface between the Cr-doped (BiixSbx)>Tes layer and the
GaAs substrate (in contrast to the amorphous SiSe> formed between the Cr-doped BixSes/Si
counterpart), we carry out careful zoom-in HRTEM scanning and EDX mapping near the
TI/GaAs interface. From Fig. 3-12(b), it is seen that the top atomic layer at the interface

shows slightly brighter dots, compared with the underlying GaAs substrate, implying the
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presence of other heavier atoms. This is probably due to the fact that the top layer of As are
substituted by Se during the de-oxidization annealing under the Se-rich environment. A more
solid evidence is given by the Se and Ga EDX mappings in Figs. 3-12(c) and (d),
respectively. Since GaSe has a quadruple layered structure, with Se-Ga-Ga-Se alternative
atomic layers along the c-axis, and the coupling between the two quadruple layers is
predominantly of the van der Waals type. After the formation of GaSe buffer layer, the
top-most Se atoms have no dangling bands, thus promoting the van der Waals epitaxial
growth of TI [135]. Beside the sharp interface, Cr-doped (BiixSbx)2Tes thin films possess
another salient property over Bi>xCrxSes regarding to the band topology, as we will elaborate
in Chapter 4. As a result, the explorations of TRS-breaking physics and applications are

mainly performed on the Cry(BixSbi.x)2-yTe3 system in this Dissertation.
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Figure 3-12. Cross-sectional TEM and EDX near the TI/GaAs interface. (a) Schematic
diagram of the atomic layer structures of the TI film, interface and substrate. (b) HRTEM
image exhibits the TI QL structure, the GaAs substrate and the GaSe buffer layer. The single
GaSe layer is marked by the orange lines. (c)-(d) EDX distribution maps of Se and Ga,
respectively. Adopted from Ref. [135].
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3.4. Superconducting Quantum Interference Device

Superconducting quantum interference device (SQUID) magnetometer is the most
sensitive device used to measure extremely subtle magnetic fields (as low as 104 T). A DC
SQUID, in essence, consists of two Josephson junctions (which are two superconductors
coupled by a weak link) connected in parallel on a closed superconducting loop. In the
absence of any external magnetic field, the input current will split equally into the two
branches. However, if an external magnetic field is applied to the ring, the current flow
balance will be broken; in other words, the magnetic field changes the quantum-mechanical
phase difference across each of the two junctions. These phase changes, in turn, affect the
critical current /¢ of the SQUID. In the extreme case when the current in either branch
exceeds Ic, a non-zero voltage will appear across the junction. Accordingly, SQUID, in
principle, functions as a magnetic flux-to-voltage transducer [137]. In this Dissertation, we
use the Quantum Design Magnetic Properties Measurement System (MPMS) to carry out the

SQUID measurements on our MBE-grown magnetic TI films.

3.4.1. SQUID results of Bi2xCrxSes; systems

In this study, a 50 QL Bii.9Cro.1Ses thin film sample is firstly grown on the Si (111)
substrate, as described in Section 3.3.2. The phase transition information and the relation of

magnetization as a function of temperature can be obtained by performing the Zero-Field
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Cooling (ZFC) and Field Cooling (FC) measurements. An external magnetic field of 5 mT is
applied perpendicular to the sample plane during these measurements. The bifurcation of
ZFC and FC curves at 8 K in Figure 3-13(a) corresponds to a blocking temperature, which
may be associated with the formation of coherent nanostructur during growth as also
observed in Mn doped DMS [138]. In the meanwhile, the Curie temperature (7¢) is found to
be 35 K in Fig. 3-13(a), where the magnetic momentum reduced to approximately zero, and
above this temperature the material becomes paramagnetic (PM). However, the evolution of
the DC magnetic susceptibility (Y = M/H) on temperature above 7¢ does not follow the linear

relationship manifested by the well-known Curie-Weiss Law [139]:

C
XD—(T—TC)” (3-6)

where @ is the critical exponent which modifies the susceptibility in the immediate vicinity of
the Curie point, and the Curie constant C gives the information of the Lande g-factor and
magnetic impurity density in the material [140]. Instead of a linear dependence, a curvature

existing between two linear regions can be clearly seen in the inset of Fig. 3-13(a).

To understand the above unconventional ferromagnetism, detailed field-dependent
characterizations are carried out. The magnetic hysteresis loops (M-H) taken at various
temperatures (Fig. 3-13(b)) manifest the presence of FM ordering in the low temperature
range (7 < 35 K) with the coercivity field Hc =~ 15 mT at 5 K (Inset of Fig. 3-13(b)), and a

saturation field around 0.2 T. The large volume susceptibility with the value of 7.3 (S) at 5 K

82



inside the system is established probably via the van-Vleck model [49]. As temperature

increases, the FM order is gradually suppressed, and finally the system becomes PM above

Tc=35K.
(a) 0.8 (b)
20} Fl
5 os
"E
S04
15} aS
o= 0.2 2
§ §
=] S
5 1ol 20 40 60 80 | §
= || T(K) =
5k -20
—=— ZFC -30
—=FC
0 L =1

20 40 60 80
T (K)

Figure 3-13. SQUID results of the 50 QL BiioCro.1Ses sample grown on the Si (111)
substrate. (a) Magnetization versus temperature for the sample under ZFC (red circles) and
FC (blue squires) conditions. The external field is 5 mT perpendicular to the sample surface.
Inset: Plot of (¥-Xo)' versus temperature 7. This relation does not follow the linear
Curie-Weiss law above Tc. (b) M -H loops of the 50 QL Bij.9Cro.1Ses thin film at 5 K, 10 K,
15 K, 20 K, 30 K, and 35 K. Inset: Zoom-in hysteresis loop at 5 K, the coercivity field is
around 15 mT. Adopted from Ref. [131].

To comprehensively investigate the underlying interaction in the present system, for
example, long range or nearest neighbor interactions, we study the FM-PM phase transition.

Here we adopt the modified Arrott-Noakes equation of state [141]
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Provided that the linearized parallel straight lines are observed, one can thus experimentally
determine the underlying dominant interaction by re-plotting M-H curves [141, 142]; for
example, in the long range mean field model, these exponents are )=0.5, =1, while in the
nearest neighbor 3-D Heisenberg model, the corresponding values change to )=0.37, =1.39.
However, as depicted in Figs. 3-14 (a) and (b), rather than displaying the parallel straight
lines, both plots display some continuous curvatures, even in the saturation region up to 0.8
T, and these effects turn to exclude the dominant long range interactions, as well as preclude
us from giving an accurate estimation of the transition temperature [143]. In addition, the
absence of “S” shape in the Arrott plot suggests that the underlying phase transition is of

second order.
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Figure 3-14. Arrott-Noakes plots of the 50 QL Bii1.9Cro.1Se3 sample grown on the Si (111)
substrate. (a) Arrott plots of H/M versus M? for magnetic isotherms from 14 K to 26 K. (b)
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Modified Arrott-Noakes plots of (H/M)"3% versus M'?37 for data in (b). The applied
magnetic field is always perpendicular to the sample surface, and the field range which
covers from -0.8 T to 0.8 T is high enough to saturate the magnetic moment. Note that 1 Oe =
0.1 mT. Adopted from Ref. [131].

Given the above observed abnormal inverse susceptibility shown in Fig 3-14(b), as well
as applicability of the modified Arrott-Noakes equation of the state, we suggest that these
behaviors reflect the complicated magnetisms (i.e., Van Vleck susceptibility [49] and

super-paramagnetic orders from Cr-multimers [134]) in Cr-doped BixSes systems.

3.4.2. SQUID results of Cry(BixSbi.x)2.yTes systems

The 50 QL Cro3(BiosSbos)i7Tes thin film sample is grown on the GaAs (111)B
substrate and its magnetic properties are investigated by SQUID. The temperature dependent
M-H hysteresis loops in Figure 3-15(a) clearly indicate the presence of FM order when T <
15 K. Besides, the magnetic moment per Cr atom is estimated to be to ~2.8 up from the
saturation magnetization Ms under high filed above 0.2 T. This is consistent with the situation
where most Cr** ions substitute the Bi/Sb sites in the host TI system. In the meanwhile, ZFC
and FC measurements are performed on this sample, and the results are shown in Fig.
3-15(b). It is found that the onsite of PM-to-FM phase transition occurs at 7= 15 K, and the
blocking temperature of 8 K is also observed, similar to the Bi».«CrxSes case (Fig. 3-13(a)). In

addition, Fig. 3-15(c) compares the magnetizations when the sample is positioned parallel
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(red solid circles) and perpendicular (blue solid diamonds) to the applied magnetic field at 5
K. Tt is seen that only the out-of-plane M-H curve exhibits the square-shaped hysteresis loop
and reaches saturation at 0.2 T, while the in-plane magnetization is far from saturated even
when B = 0.5 T. Accordingly, our SQUID results provide strong evidence to demonstrate the
high anisotropy character with the magnetization easy-axis out-of-plane in the Cr-doped

(BixSbix)2Tes system.
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Figure 3-15. SQUID results of the 50 QL Cro.3(Bio.sSbo.s)1.7Tes sample grown on the
GaAs (111)B substrate. (a) Temperature-dependent hysteresis M-H loops at 5 K, 8 K, 10 K,
and 15 K, respectively. (b) Magnetization versus temperature for the same sample under ZFC
(red circles) and FC (blue squires) conditions. The external field 5 mT is perpendicular to the
sample surface. (¢) Comparison of in-plane and out-of-plane M-H curves at 5 K. Adopted
from Ref. [136].

3.5. Magneto-transport measurement

Magneto-transport measurement is one of the most powerful techniques to examine the

electrical properties of various materials. By performing the four-point Hall measurement, we
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are able to measure intrinsic transport parameters including the sample resistivity, carrier
concentration and carrier type as functions of temperature, magnetic field, working frequency,
and applied gate voltage. Moreover, for FM materials, hysteresis anomalous Hall resistance is
developed, as we elaborated in Section 2.1. Accordingly, the magneto-transport measurement
is also an effective method to study the magnetic properties of our MBE-grown magnetic TI

samples.

From Eq. (2-2), it is known that the overall Hall resistance of a FM material consists
of both the ordinary Hall (R,-H) and anomalous Hall (R+M(H)) components. While R, is
solely related to the carrier density, R, is affected by the longitudinal resistance Ry. Figure
3-16(a) shows a typical AHE result of the MBE-grown Cry(BixSbix)2-yTes film, where the
well-shaped magnetic hysteresis loop can be clearly observed, indicating the presence of the
robust FM order introduced by the Cr dopants. Furthermore, under a high applied magnetic
field where the magnetization of the film reaches saturation, we obtain that
R, =RH+M_f(R,). For the Cry(BixSbix)2-yTes system, the magneto-resistance (MR)
background in the diffusive regime (i.e., the sample temperature is far above 0.3 K) is found
to be relatively small (i.e., less than 0.5 % when applied field changes from 1 T to 2 T, as
shown in Fig. 3-16(b)), we can therefore approximately consider the anomalous Hall part,
M f(R.), as a constant. As a result, we are able to fit R, with a strict line at high magnetic

field, as shown in the inset of Figure 3-16(a). Such linear slope thus represents the ordinary
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Hall coefficient Ry, which in turn gives the 2D carrier density in the thin film with

RO = _1/(ns + nhulk)e .
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Figure 3-16. Magneto-transport measurement of 6 QL Cro.2(Bio.sSbo.s)1.8Tes thin film. (a)
Anomalous Hall result with the well-defined hysteresis loop at 1.9 K. Linear slope at high
magnetic field corresponds to the ordinary Hall coefficient Ry. (b) Longitudinal resistance
indicates a small MR change at high field. Adopted from Ref. [136].

In contrast to the Cry(BixSbix)2-yTes system, we need to point out that the AHE signals in
the Bi2xCrxSes samples are quite small [57, 131, 134], possibly due to the different Cr density
of states (DOS) distributions and Fermi level positions in the host TI matrix [87, 144].
Consequently, it is difficult to quantitatively study the magnetic properties of Biz.xCrxSes

systems via the transport measurement.

88



3.6. Summary of Chapter 3

In this chapter, we provide a brief description about the MBE growth and present the
growth results of the high-quality Cr-doped TI thin films. By carefully choosing the growth
parameters (i.e., substrate temperature, element flux rate, and annealing condition),
single-crystalline films have been epitaxially grown on suitable substrates. The HRTEM is
applied to highlight the well-maintained QL structures and the EDX mapping confirms the
uniform distribution of the Cr dopants within the host TI matrix. In the meanwhile, both
SQUID and magneto-transport measurements are carried out to investigate the magnetic and
electrical properties of the MBE-grown Cr-doped TI samples. Compared with the Bi>.xCrxSes
samples, we find that the Cry(BixSbix)2yTes thin films have great advantages: (1) the
interface between the first Cry(BixSbix)2yTes QL and the GaAs (111)B substrate is
atomically sharp; (2) the Fermi level position and carrier type are tunable by adjusting the
Bi-to-Sb ratio; (3) pronounced AHE signals with well-developed hysteresis loops are
observed; and (4) the non-trivial topological surface states are always maintained regardless
of the Cr doping level. As we will elaborate in the following chapters, these salient features
of the Cry(BixSbix)2yTes system enables us to realize QAHE as well as to manipulate

different magnetisms and relevant magneto-electric responses.
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Chapter 4
Interplay between Different Magnetisms in Cr-Doped

Topological Insulators

In Section 1.3, we proposed that in magnetically doped TI systems, ferromagnetic
moments can be developed through two major mechanisms: the van Vleck mechanism and
the RKKY coupling. In the former case, due to the large spin susceptibility of the valence
electrons in the band-inverted TI materials, the magnetic ions can thus be directly aligned by
these local valence electrons without the assistance of itinerant electrons. Consequently, this
“bulk ferromagnetism” is independent of the carrier density [49]. On the other hand,
neighboring magnetic ions can also be coupled through the mediation of conduction carriers
and this kind of coupling is referred to as the carrier-mediated RKKY interaction. Therefore,
before we further utilize such materials for novel applications, it is important to quantify

different FM orders, and to understand the interplay/controllability of each contribution.

4.1. Electric-field-controlled anomalous Hall effect

Given that RKKY and Van Vleck mechanisms have different responses to the external
electric field, we can thus apply the electric-field-controlled magneto-transport measurements

on the magnetic TI samples to distinguish both magnetisms. Accordingly, we first prepare a 6
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QL Cro.04(Bio.sSbo.s)1.96Tes thin film with a nominal Cr doping concentration of 2% (the
Bi-to-Sb ratio is optimized to be around 1:1 so that the Fermi level position of the as-grown
sample is already inside the bulk gap). After growth, the Cro.04(Bio.sSbos)i9sTes film is
patterned into a micrometer-scale Hall bar geometry using conventional optical
photolithography with subsequent CHF; dry etching of 18 s. A 20 nm thick high-x
AL Os dielectric layer is later deposited by ALD at 250 °C. Hall channel contacts are defined
by e-beam evaporation after etching away the Al>Os layer within the contact areas. A metal
stack of Ti/Al (20 nm/100 nm) is directly deposited onto the exposed TI top surface. A
top-gate metal scheme of Ti/Au (10 nm/90 nm) is finally achieved by the second step of

photolithography and e-beam evaporation, as shown in Fig. 4-1(b).

Figure 4-1. Top-gated Hall bar device structure used for exploring the gate-dependent
anomalous Hall effect. The effective size of the channel is 10 um (L) x 40 pm (W). Adopted
from Ref. [136].
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The gate-dependent AHE results of the 6 QL Cro.04(Bio.sSbo.s)1.96Tes sample are shown in
Figure 4-2. It can be clearly seen that the Ry, curves become strictly linear when the applied
magnetic field is larger than 1T, manifesting the dominant ordinary Hall component (R H) in
the high-field regime. Moreover, the carrier density at zero gate bias is found to be 1.1 x 10'2
cm? at 1.9 K. As a result, the electric field provided by top gate (£12 V) can effectively tune
Er across the surface band gap, and therefore change the carrier type, as illustrated by the

high-field R., slope change in Figure 4-2(b).

Figure 4-2. Gate-dependent anomalous Hall results for the 6 QL Cro.04(Bio.sSbo.5)1.96Te3
sample. (a) [-60 mT, 60 mT] scale. (b) [-2 T, 2 T] scale. The applied top-gate voltage
changes from -12 V to 12 V, and the sample temperature is 1.9 K. Adopted from Ref. [136].

After subtracting the linear ordinary Hall component, the nearly square-shaped

hysteresis loops suggest the well-developed FM order with the easy magnetization axis
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out-of-plane. More importantly, the magnetic hysteresis behavior varies dramatically when
the sample is biased from p-type to n-type. Related to the ambipolar effect of the longitudinal
resistance Ry in Fig. 4-3(a), the change of the coercivity field Hc (red hollow circles) can be
divided into two distinct regions as illustrated in Fig. 4-3(b) where the green and yellow parts
represent the p-type and n-type) regions, respectively. Particularly, when the Fermi level is
below the surface band gap (-12 V <V, < -2 V), Hc steadily reduces from 12 mT down to 5.5
mT, indicating a hole-mediated RKKY coupling signature; on the contrary, once the
dominant conduction holes are depleted when Vy, > 0 V, Hc slowly stops decreasing, and
finally approaches its minimum value around 4 mT when EFr is far above the surface band
gap. Similarly, the Curie temperature 7c¢ (blue solid squares in Fig. 4-3(b)) which is
determined from the temperature dependent Ry, curves (i.e., the hysteresis window of Ry,
disappears when the sample temperature is above T¢, as illustrated in Figs. 4-3(c) and (d))
also follows the reduction-and-saturation behavior by gate modulation, namely 7¢ decreases
from 7.5 K (Vg = -12V) down to 4.7 K (Ve > 5 V). Given the fact that the hole-mediated
RKKY interaction is completely suppressed in the region where Er is far above the bulk
valence band, both the remaining gate-independent Hc and 7c in the n-type region strongly
support the presence of additional ferromagnetic contribution where the robust magnetic
order is formed without the assistance of the itinerant carriers. We therefore may attribute the

electric-field-independent magnetization to the bulk van Vleck ferromagnetism. Accordingly,
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we may conclude that the gate-controlled AHE results in the 6 QL Cro.04(Bio.sSbo.s)1.96Te3

sample reveal the co-existence of both hole-mediated RKKY and van Vleck mechanisms.
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Figure 4-3. Electric-field-controlled ferromagnetism in the 6 QL Cro.04(Bio.5Sbo.s)1.96Te3
sample. (a) The observed ambipolar effect of Ry (red solid lines) indicates that the Fermi
level can be effectively tuned across the surface band gap. The Hall density (blue)
determined from the linear R,, curve at high field changes sign accordingly. (b) The changes
of coercivity field Hc at 1.9 K (red hollow circles) and Curie temperature 7¢ (blue solid
squares) with applied top-gate voltages. Both of them gradually decrease when the sample is
biased from p-type to n-type, indicating the hole-mediated RKKY interaction signature.
Temperature-dependent AHE effect of the 6 QL Cro.04(Bio.5sSbo.s)1.9¢Tes thin film. The applied
top-gate voltages are (c) Vy=-12 V and (b) V', =+12 V. Adopted from Ref. [136].
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4.2. Hole-mediated RKKY interaction in Cr-doped (BiSb);Te; system

In Section 1.3.3, we showed that the carrier-mediated RKKY interaction was found to be
one of the dominant mechanisms to generate robust FM order in magnetic TIs, and the
RKKY coupling strength strongly depend on the DOS distributions of both the mediating

carrier D(EF) and magnetic ions Da(EF).

In the case of Cr-doped tetradymite-based 3D TIs, particularly, the p-d coupling between
the transition metal d-orbital (Cr’") and the itinerant carrier p-orbital is found to be strongest
due to the wavefunction localization and symmetry argument, and the on-site p-d exchange
coefficient J(E) can be estimated by using the empirical model in which an itinerant carrier

floating around the magnetic ion. It has the form [145]

J(E)= ([0, G Wi (E)E R, +3¢ IR W, (R, (7 )dFdr, (4-1)

where ¢, is the p-orbital wavefunction of the itinerant carrier, ¢, is the d-orbital

wavefunction of the localized Cr** ion, Ry« is the distance between the two mediating carriers,

and Rp .+ 1s the distance between the carrier and the Cr** ion center. From Eq. (4-1), we can
reveal that J(E,.)UD,(E,) in which more d-orbital density of states can generate larger
on-site exchange strength. Given the fact that the overall RKKY interaction strength is
proportional to |/?|, we therefore conclude that the overall RKKY interaction also scales with

Du(EF)? (i.e., it strongly depends on the Fermi level position and carrier density) [146].
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In JM. Zhang et al.’s work, first-principles DFT calculations based on the density
functional theory were performed to investigate the DOS distributions of Cr dopants inside
the host BixSes and (Bio.sSbo.s)2Te; materials [58, 59, 136]. It is revealed in Fig. 4-3 that there
is strong hybridization between the Cr 3d-orbit and Se/Te 2p-orbit, and Du(E) of the Cr ion is
distributed majorly in the valence band, and reduced to almost zero above the Dirac point. As
a result, it would be expected that itinerant holes can effectively couple neighboring Cr ions

together while electrons rarely contribute to the mediating process due to the absence of

Du(EF) above the Dirac point.
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Figure 4-4. Energy band diagram and DOS distribution of Cr-doped 3D TIs. (a) Left: ab
initio calculated energy band diagram and DOS of Cr d-orbital and Se p-orbital in
Bi2xCrxSes, where x = 0.083. The red lines represent schematically the surface Dirac cone
located at the I point. Adopted from Ref. [59]. (b) Energy band diagram and DOS of Cr
d-orbital and Te p-orbital in Cro.08(Bio.5Sbo.5)1.92Te; material. Adopted from Ref. [136].
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4.3. Interplay between different FM orders — magnetic doping level

From the electric-field-controlled AHE results of the 6 QL Cro.04(Bio.5Sbos)1.96Tes sample,
it is concluded that both the hole-mediated RKKY coupling and the carrier-independent Van
Vleck magnetism are possible in the system. In the following two sections, we present

additional experimental results to quantify the interplay between these two contributions.

First of all, it is well-known that for any magnetic system, the magnetic ions doping level
xu 1s essential to the magnetization. Specifically, in the dilute limit where the direct coupling
between local moments is negligible, the ferromagnetic susceptibility (and thus the overall

magnetization) is proportional to xu, following the Curie-Weiss form that [139]

C _  xyH 42)
T-T. 3k, (T-T.)

[&

X:

where U, =gl,J(J +1)is the magnetic moment, g is the Landé g-factor, and J is the
angular momentum quantum number. In recent years, relevant x)-dependent experiments
have been carried out in BixxCrxSes [57, 131], Bi2xMnxSes [67], Bi2xMnxTes [63, 147], and
Sby.xCryTes [70, 71] systems, and all the results exhibited such monotonically increasing

relation between the total magnetic moments and x.

More importantly, the effect of the magnetic doping level on RKKY and van Vleck
mechanisms can be further distinguished. By controlling the Cr doping levels during MBE

growth, we first prepare a set of Crx(BiosSbos)2Tes samples with the same Bi/Sb ratio
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(0.5/0.5) and film thickness (6 QL), but different Cr doping levels ranging from 5% to 20%.
Top-gated Hall bar devices are later fabricated to investigate the electric-field-controlled
magneto-transport properties. Figures 4-5(a)-(d) summarize the electric-field-controlled AHE
results of four samples with Cr% = 5%, 10%, 15%, and 20%, respectively. Although
increasing the Cr doping concentration introduces more carriers (i.e., the 2D Hall density n2p
varies from 1.2 x 10?2 em? to 2.2 x 10"® cm? at 1.9 K), such defects are acceptable to
maintain Er inside the bulk band gap. From the extracted H. — V. curves in Figures
4-5(e)-4(h), we observe that in the moderate doping region (5%, 10%, and 15%), the
Cr-doped (Bio.sSbo.s)2Tes thin films all exhibit the hole-mediated RKKY coupling behaviors
in the sense that the anomalous Hall resistance R,, loops show a quick decrease of its
coercivity field (Hc) when the majority holes are depleted. When the samples are further
biased deep into the n-type region (i.e > 50 meV above the surface gap), Hc gradually
saturates at finite values of 15 mT (5%), 37.5 mT (10%), and 68.5 mT (15%), respectively.
On the contrary, when the Cr doping concentration increases up to 20% in Figure 4-5(d),
even though the surface Fermi level has been effectively adjusted by 50 meV (Inset of Figure
4-5(h)), the hysteric window remains a constant of 100 mT and does not show any change

with respect to the gate bias (Figure 4-5(h)).

From the band diagram/DOS distribution DFT calculations (Section 4.2) and the
detailed comparison of the AHE differences in Figure 4-5, we now understand the effect of

Cr doping on the two magnetization origins discussed above. When the Cr concentration is
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smaller than 15%, the bulk van Vleck mechanism and the hole-mediation both exist in the
system and contribute to the net magnetizations. With effective gate tuning, the carrier type
and density can be adjusted, and the magnetic moment from the carrier-mediated RKKY
exchange is therefore modulated. Given the fact that the DOS of the Cr** ions is distributed
majorly below the Dirac point, the long-range RKKY coupling in the p-type region thus
introduces much more robust ferromagnetic moments over the weaker bulk van Vleck term;
it therefore becomes the dominant component in the magnetic TI samples with moderate Cr
doping. We should point out here that it is difficult to further distinguish the mediating
itinerant carriers since the topological surfaces are entangled with the bulk contribution in our
uniformly Cr-doped TI samples. As more Cr atoms are incorporated into the TI system, on
the one hand, the bulk van Vleck-type magnetism is expected to becomes more pronounced
due to the stronger out-of-plane magnetic moments from the Cr ions; On the other hand,
however, since excessive Cr atoms promote the formation of n-type Bir. anti-site defects
[59], they therefore force the Fermi level Er “pinned” far above the surface band gap. Under
such circumstances, the hole-mediated RKKY coupling becomes diminished or even
completely suppressed, leaving only the bulk van Vleck responses in heavily Cr-doped TI
samples [66, 114]. As a result, by designing the Cr doping profile and electric-gating strategy,
we demonstrate the valid approach to either enhance or suppress the magnetic contributions

from different magnetisms.
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Figure 4-5. Gate-dependent AHE results for 6 QL Cry(BiixSbx)2Tes thin films with
different Cr doping concentrations. (a) Cr = 5%, (b) Cr = 10%, (c¢) Cr = 15%, and (d) Cr =
20%. (e-h) Gate-modulated coercivity field changes for these four samples, respectively.

Inset: Illustration of the Fermi level position as adjusted by the top-gate voltages ranging
from -12 V to +12 V. Adopted from Ref. [136].

Additionally, these magneto-electric effects can also be illustrated through the
magneto-resistance (MR) results. Figures 4-6(a)-(d) give the electric-field-controlled
three-dimensional normalized MR maps for the same samples studied in Fig. 4. Like
hysteresis AHE curves, the butterfly-shaped double-split MR peaks are present, indicative of
the remnant field generated by the ferromagnetic orders [62]. Meanwhile, the peak shifts with
respect to the applied gate voltages also confirm the hole-mediated RKKY mechanism in the

Cr-doped TI samples. Beside the hysteresis signals shown in the MR maps, the correlated
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magneto-conductance (MC) curves which are defined as G = R« / (R’ + Ry?) at low
magnetic field provide us additional piece of information about the Cr-doped TI conduction
behaviors in the quantum diffusive region [57, 112, 148]. Generally speaking, the quantum
interference of surface Dirac fermions depends on the Berry phase @ In the magnetically
doped TI systems, the formed magnetic moment M. forces the surface states open a band gap
4, and thus drives the Berry phase to deviate from its original z-state to @= n(I-4/2EF) [148].
The corresponding weak localization (WL) behaviors are studied in Figure 4-6(e) where the
MC curves of Cr-doped (Bio.sSbo.s)2Tes thin film with Cr doping concentrations ranging from
2% to 20% are presented (we deliberately shift the magnetic peaks from Hc to the zero-point
for direct comparison). With the increase of Cr dopants, it can be clearly seen that the
negative MC cusps at low magnetic field become sharper, indicating the larger surface gap 4
induced by the stronger magnetic order. Following the modified two components

Hikami-Larkin-Nagaoka (HLN) theory that [148, 149]

e’ I 1 I
Do(B)= 3+ ) = In(2) (43)
i=0,1 I} I}

where ¢ is the digamma function, /, = \/h/(T|B|) is the magnetic length, and /, is the
phase coherent length, we realize that the extracted WL weight factor ay increases from 0.3
(Cr% = 2%) to 0.48 (Cr% = 20%) and gradually approaches the ideal value of 0.5 (i.e., A2EF
=1 and @= 0). On the contrary, the weak anti-localization factor a; is almost zero in all the

Cry(BixSbx)2-yTes samples. Accordingly, the systematic changes of the MC phenomena
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observed in Figure 4-6(e) are consistent with the AHE results, again verifying the correlation

between the robust magnetisms in the Cr-doped TI thin films.

(a) Cr% =5% (b) Cr% =10%
70N /

Cr% = 209

4

10
Cr (%)

Figure 4-6. Gate-dependent Magneto-resistance for Cry(BiixSbx)2Tes thin films with
different Cr doping concentrations. (a) Cr = 5%, (b) Cr = 10%, (c¢) Cr = 15%, and (d) Cr =
20%. The measurements are carried out at 1.9 K with applied magnetic field out-of-plane. All
of the four devices show the double-split butterfly MR curves. (¢) Upper: Weak-localization
behaviors when samples in (a) to (d) are biased in the n-type region where the magnetization
is dominated by the bulk van Vleck term. With more Cr dopants, the positive WL cusp
becomes sharper, indicating more deviation from the z-Berry phase. Lower: WL/WAL
weight factors ay and a; extracted from MC curves in (e). Adopted from Ref. [136].

4.4. Interplay between different FM orders — band topology

Beside the magnetic ions doping level, the strength of ferromagnetism is also determined

by the band topology of the host TI materials. In Section 1.3.4, it is argued that the strength of
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matrix element <nk|S:jmk> in Eq. (1-9) is determined by the mixing between the inverted
conduction/valence bands (i.e., SOC) [49]. In BiSes, it is found that the SOC is mostly
contributed from the Bi atoms [45]. As a result, the substitution of Bi atoms with much
lighter transition elements (Cr or Fe) will significantly lower the SOC, and the overall Van
Vleck susceptibility (i.e., FM order) of Bi»Ses is expected to get reduced by magnetic doping

[150].

In 2013, J.S Zhang et al. calculated the band structures of the Bi»xCryxSes; materials with
different Cr contents by DFT [151]. In Fig. 4-7(a), their calculations showed that the inverted
gap amplitude shrank dramatically with increased Cr content x. Finally, when the band
inversion between the conduction and valence bands disappeared at x > 0.17, the
heavily-doped Bi>xCrxSes would enter a topologically trivial DMS regime without the
presence of bulk Van Vleck magnetism any more. (For comparison, since the Te element
contributes giant SOC in Bi;Tes and Sb,Tes systems, the bulk band inversion would always
hold regardless of the magnetic doping level [151]. Under such circumstances, robust Van
Vleck order has been observed in heavily doped Crx(BiSb):Tes materials, as shown in Fig.

4-6(d)).

The topological phase transition due to magnetic doping is also confirmed from our
angle-resolved photoemission spectroscopy (ARPES) experiments. Figure 4-7(b) shows the
surface band E-k dispersion relations of the Bi>.xCrxSes films grown on the Si (111) substrate.

The ARPES spectra reveal the systematic weakening of the surface states along with the
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enlarged surface gap 4, as the Cr doping concentration gradually increases from 0 to 10%.
With further reducing the SOC and modifying the Berry phase away from the nontrivial /7

state[ 148], the topological surface are almost eliminated in the Bi;sCro.2Ses film.
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Figure 4-7. Magnetic doping effect on the band topology of the Cr-doped Biz2Ses systems.
(a) DFT-calculated bulk band structures of Bi>xCrxSes; with different Cr contents of x = 0,
0.083, 0.167, and 0.25, respectively. The red and blank broken lines indicate the positions of
the Fermi level and the points. Adopted from Ref. [151]. (b) ARPES intensity maps of
MBE-grown 50 QL Bi>—xCrxSe3 thin films with x = 0, 0.02, 0.1, and 0.2 on Si (111) along the
I-K direction. All data are taken using 52 eV photons under the temperature of 10 K.
Adopted from Ref. [131].
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4.5. Summary of Chapter 4

In this chapter, we first report the gate-dependent magneto-transport measurements on
the Cr-doped (BixSbix)2Tes thin films. With effective top-gate modulations, we demonstrate
the presence of both the hole-mediated RKKY coupling and carrier-independent van Vleck
magnetism in the magnetic TI systems. Most importantly, by varying the Cr doping
concentrations from 2% to 20%, we unveil the interplay between the two magnetic orders and
establish the valid approach to either enhance or suppress each individual contribution. On
the other hand, for the Cr-doped Bi»Ses systems, the change of Cr doping level gives rise to
the FM-to-PM transition, indicating that the band topology of the host TI material would be

one of the fundamental driving forces for the FM order.

The electric-field-controlled ferromagnetisms identified in the Cr-doped TI materials
will serve as the fundamental step to further explore the TRS-breaking TI systems. More
importantly, the realized robust Van Vleck component in Cry(BixSbix)2-yTes systems is of
great importance to further explore the quantum anomalous Hall effect in the magnetic TI

systems, as we will elaborate in the following Chapter 5.
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Chapter 5
Quantum Anomalous Hall Effect in Magnetic Topological

Insulators

In Chapter 2, we showed that a 2D ferromagnetic insulator with a non-zero first Chern
number (C;) would give rise to the QAHE. In such Chern insulators, the chiral edge states are
formed due to the TRS-breaking, and the spontaneous magnetization also localizes the
dissipative states. Among all possible candidates, we proposed that by adding appropriate
exchange splitting into the QSHE system, one set of the spin sub-bands would remain in the
inversion regime while the other became topologically trivial, therefore driving the 2D
magnetic TI system into a QAHE insulator (Fig. 2-11). In the meanwhile, we also discussed a
more general case that the quantized Hall conductance could also be derived from the gapped
top and bottom surfaces in 3D magnetic TI systems (Fig. 2-13), and if the exchange field
strength and film thickness were properly adjusted so that higher sub-bands would get
involved in the band topology transition, and QAHE with a tunable Chern number could, in
principle, be realized. In Chapter 4, we also demonstrated that in the MBE-grown
Cry(BixSbix)2-yTes thin films, robust out-of-plane magnetization could be developed directly
from the large van Vleck spin susceptibility in the host T materials without the mediation of
itinerant carriers (Fig. 4-5). By manipulating the Fermi level position and the magnetic

doping, QAHE in the 2D regime was firstly observed in a 5 QL Cro.15(Bio.1Sbo.9)1.85Te3 film,
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where a plateau of Hall conductance g, of €%/h and a vanishing longitudinal conductance Gi
were observed at 30 mK [114]. Nevertheless, the increased bulk conduction in the thicker
films was detrimental and obscured the observation of QAHE beyond the 2D hybridization
thickness (> 6 QL). As a result, the universality of the QAHE phase and its related quantum

transport phenomena in the 3D regime still remain unexplored.

5.1. Observation of QAHE in the Cr-doped (BiSb):Te; thin films

To prepare the magnetic TI materials with pronounced FM orders and insulating
bulk states, single-crystalline Cr-doped (BixSbix)>Tes films are grown by MBE. Both the Cr
doping level (12%) and the Bi/Sb ratio (0.3/0.7) are optimized so that the Fermi level
positions of the as-grown samples are already close to the charge neutral point (i.e., the bulk
conduction is minimized). The growth is monitored by RHEED, and the film with a thickness
of 10 QL is obtained after ten periods of RHEED oscillation, as shown in Fig. 5-1(b). In the
meantime, HRSTEM is used to characterize the film structure and crystalline configuration.
Figure 5-1(c) highlights the highly-ordered hexagonal structure of the 10 QL
Cro.24(Bio3Sbo.7)1.76Tes film with an atomically sharp interface on top of the GaAs substrate,
and the uniform Cr distribution inside the host TI matrix is also confirmed by the EDX

spectrum.
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To investigate the chiral transport properties in the QAHE regime, we deliberately
fabricate the Hall bar devices with dimensions of 2 mm X 1 mm (i.e., ten times larger than
that used in Ref. [114]) In the diffusive transport region (T > 1 K), the 10 QL
Cro.24(Bio3Sbo.7)1.76Tes film shows a typical semiconductor behavior, where the sample
resistance monotonically increases as the sample temperature drops from 300 K to 1 K (Fig.
5-1(d)), indicating that the Fermi level is inside the bulk band gap. Besides, the Curie
temperature (7¢) is found to be around 30 K from the temperature-dependent magnetization

under the field-cooled condition, as shown in Inset of Fig. 5-1(d).
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Figure 5-1. Cr-doped (BixSbi-x)2Tes film structure and properties. (a) The image of the
Hall bar-structure with the dimension of 2 mm x 1 mm. (b) RHEED oscillation, showing that
the grown Cr-doped (BixSbix)2Tes film has a thickness of 10 QL. Inset: RHEED pattern of
the as-grown film. (c) Cross-sectional HRSTEM image, illustrating the crystalline structure
of the 10 QL Cro.24(Bio3Sbo.7)1.76Tes film. The EDX mapping confirms that the Cr dopants
distribute uniformly inside the TI layer. (d) Temperature-dependent resistance as temperature

108



drops from 300 K to 1 K. Inset: Magnetic moment under field-cooled condition. The applied
field is 10 mT and the Curie temperature is estimated to be 7c = 30 K. Adopted from Ref.
[152].

Figure 5-2 shows the magneto-transport results of the 10 QL Cro.24(Bi0.3Sbo.7)1.76Tes film.
When 7' < 10 K, the Hall resistance R,, in Fig. 5-2(a) develops a square-shaped hysteresis
loop, indicating the robust FM order with an out-of-plane magnetic anisotropy, and the
butterfly-shaped double-split longitudinal resistance Ry, is also observed at low temperature,
as shown in Fig. 5-2(c). In the meanwhile, the temperature-dependent coercivity field Hc is
extracted from Fig. 5-1(a). It can be clearly seen that Hc vanishes when the temperature is
above 30 K, consistent with the Mz — T data which we presented in inset of Fig. 5-1(d).
Furthermore, the anomalous Hall component nearly vanishes, leaving only the linear ordinary

Hall signals. The corresponding Hall density extracted from the R, data at 35 K is 8.13 %

10'' cm™ and the corresponding mobility is around 600 cm?/V-s.
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Figure 5-2. Anomalous Hall measurement of the 10 QL Cro.24(Bio.3Sbo.7)1.76 Tes film. (a)
Temperature-dependent hysteresis R, curves above 5 K. (b) Temperature-dependent
coercivity field Hc extracted from Figs.5-2(a). It can be observed that Hc diminishes to zero
when T > 30 K, indicating 7c ~ 30 K. Our observation is consistent with the field-cooled
magnetization result shown in Fig. 5-1(d). (c¢) Magneto-resistance result at 5 K. Adopted from
Ref. [152].

Strikingly, Our 10 QL Cro.24(Bi0.3Sbo.7)1.76Tes film reaches the QAHE regime when the
sample temperature falls below 85 mK. As demonstrated in Fig. 5-3(a) and 5-3(b), the Ry, =
Ri462 reaches the quantized value of A/e’ (25.8 kQ) at B = 0 T while R = Ry465 is nearly
vanished. From Fig. 3.6(a), In the QAHE regime, since the TRS is broken by the FM
moments, the electrons can only flow along one direction with the chiral conduction direction
determined by the magnetization orientation [116]. Specifically, when the film is magnetized
along +z direction, the chirality determined by the Lorentz force makes the current flow
counter-clockwise (or electron travels clockwise, as shown in the upper panel of Fig. 5-3(d)).
Under such condition, the dissipationless edge current forces the voltage distributions along
the longitudinal direction to be Vs = Vs = V; [153]. On the other hand, when the
magnetization reverses its direction (lower panel of Fig. 5-3(d)), the edge current flows
through the 2" and 3™ contacts, thus making V> = V3 = V; instead. Consequently, R4 =(Vs
— V) / I is positive for the Mz > 0 case, and change to negative sign if Mz < 0. Meanwhile,
except for the sharp MR peaks at the coercivity fields (£ 0.12 T), the vanishing R;265 in the
fully magnetized region is also anticipated since the presence of the dissipationless chiral

edge states lead to zero voltage drop along the edge channel. Accordingly, the consistency

110



between the scenario described by Fig. 5-3(d) and our experimental observations clearly

reveals the chiral edge transport nature of QAHE.
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Figure 5-3. QAHE in the Cro.24(Bio.3Sbo.7)1.76Te3 thin films. (a) Hysteresis R,—B curves of
the 10 QL film at different temperatures. For T < 85 mK, R,, attains the quantized value of
h/e’. (b) Butterfly-shaped R.—B curves of the 10 QL film. In the QAHE regime, Ry nearly
vanishes at low fields. (¢) QAHE is also observed in the 6 QL film at similar temperature of
85 mK. (d) Schematics of the chiral edge conduction in the QAHE regime. The current flows
from the 1% contact to the 4™ contact, and the magnetization of the Cr-doped TI film is along
the z-direction. Adopted from Ref. [152].

Beside the 10 QL sample, it is important to highlight that the QAHE is also realized in

the 6 QL (2D hybridization thickness) Cro24(Bio3Sbo.7)1.76Tes film at 85 mK, as shown in Fig.
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5-3(c). Therefore, the thickness-dependent results provide strong evidence that the stability of
the QAHE phase in magnetic TIs is maintained as the film thickness varies across the
hybridization limit (whereas in the QHE regime, the formation of the precise Landau level

quantization requires the electrons to be strictly confined in the 2D region [123]).
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Figure 5-4. Importance of the Fermi level position on the QAHE state. (a) Anomalous
Hall results of the three Cr-doped (BixSbix)2Te; samples with same film thickness of 10 QL,
same Cr doping concentration of 12%, but different Bi contents ranging from 0.26 to 0.34.
(b) The Bi/Sb ratio-dependent Hall resistance R,y (hollow red circles) and the coercivity field
Hc (solid blue squares). The data are extracted from Fig. 5-4(a). The yellow (blue)
background represents the n-type (p-type) region. Adopted from Ref. [152].

In light of the importance of the Fermi level position, we also prepare additional two
samples. Compared with the 10 QL Cro24(Bio3Sbo.7)1.76Tes film (Sample A), the control
samples (Samples B and C) have the same thickness (10 QL) and Cr doping level (12%), but
slightly different Bi/Sb ratios (Bi content changes from 0.26 to 0.34) so that their Fermi level
positions are different. Figure 5-4 shows the corresponding AHE results of these three

samples at 1.9 K. It can be clearly observed that although their coercive fields Hc (magnetic
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orders) are nearly the same, the Hall resistances R., of Samples B and C are much smaller. As
illustrated in Fig. 5-4(b), the Fermi level perfectly resides inside the band gap for the Sample
A case, while moving towards n-type (p-type) region in Sample B (Sample C). As a result,
the observed rapid decrease of Ry, as the Fermi level moves away from the optimized point
addresses that one of the most critical requirements to reach the QAHE state is to place the

Fermi level within the surface band gap.
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Figure 5-5. Quantum Anomalous Hall effect on the 10 QL Cro.4(Bio.3Sbo.7)1.6Tes film (a)
Temperature-dependent hysteresis Ry, curves. When the temperature is below 0.1 K, the
sample almost reaches the QAHE regime. (b) Temperature-dependent magneto-resistance R
curves. Similar to Fig. 5-3(b), R« dramatically decreases as the film approaches the QAHE
state. Adopted from Ref. [152].

Beside the 10 QL Cro24(Bio.3Sbo.7)1.76Tes film discussed above, we also observe the

QAHE on another 10 QL Cro4(Bi0.3Sbo.7)1.6Tes film with a higher Cr doping concentration of
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20 %. As shown in Fig. 5-5(a), our magnetic TI film almost reaches the QAHE regime where
Ry, = Rig62 = 2 h/e’ and is nearly invariant with magnetic field when the sample is fully
magnetized. Here, it is noted that the abnormal “humps” around zero-field are probably due
to the unwanted influence from the indium contacts (i.e., indium becomes superconducting
below 0.1 K). Together with the thickness-dependent results, we may conclude that when
appropriate spin-orbit interaction and perpendicular FM exchange strength are present in a
bulk insulating magnetic TI film and the Fermi level resides inside the surface gap [49, 120,
150], the QAHE resistance is always quantized to be Ah/e’, regardless of the device

dimensions and magnetic doping levels.

5.2. Landauer-Biittiker Formalism

Compared with the magneto-transport results between the QHE (Fig. 2-4), QSHE (Fig.
1-5) and QAHE (Fig. 5-3), it is noted that for the chiral QHE/QAHE states, quantized Hall
plateau and the vanishing (or minimum) longitudinal resistance are obtained; while for the
helical QSHE state, R = h/2¢? and R., = 0 are revealed. In order to understand the quantum
edge transport phenomena in these three quantum regimes, we thus apply the Landauer-

Biittiker formalism that [153]
2
e
I; =72(T_ﬁVi -V -
J
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where [; is the current flowing out of the /" contact into the sample per spin per ballistic
channel, V; is the voltage on the i contact, and 7T} is the transmission probability from the i
to the /" contacts. In a standard six-terminal Hall bar structure shown in Fig. 5-6, the voltage
bias is applied between the /* and 4" contacts (i.e., Vi =V, V4= 0, and I; = -I; = I) and the
other four contacts are used as the voltage probes such that /> = I3 = I5s = Is = 0. From Fig.
5-6(a), we know that for the chiral edge conduction case, the electrons can only flow along
one direction without backscattering, and will reverse their chirality once the magnetization
direction is switched. Accordingly, when the system is polarized (either by B or M) along +z
direction, the transmission coefficient is given by (7ji+s, Ti+1) = (0, 1), and the overall

transmission matrix in the QHE/QAHE cases follow

1-1 0 0 0 0

0 1 -1 0 0
_ 0 1 -1 0 0 (52)
orE 0 0 0 1 =10

00 0 0 1-1

-10 0 0 0 1|

Applying Eq. (5-2) and the initial conditions in Eq. (5-1), we thus obtain Vs = Vs = V; =

2
(h/e’)I and V> = V3 = V4 = 0. Therefore, the measured Hall conductance o, = - %

TV,

and the longitudinal conductance is o = =0.
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Figure 5-6. Chiral edge current conduction in the QHE/QAHE states and helical edge
current conduction in the QSHE state with different device configurations. (a) and (b)
represent the ordinary six-terminal Hall bar device, while (c) and (d) illustrate the Tebar (or
H-bar) configuration. Solid blue arrow and dashed red arrow represent the spin-up and
spin-down current conductions, respectively.

On the other hand, in the QSHE state, since TRS is well-protected, the helical edge states
give rise to (7ii+1, Ti+1:) = (1, 1), and the corresponding transmission matrix in the QSHE

case is given by

(2 -1 0 0 0 -1]
-1 2 -1 0 0 0
0 -1 2 -1 0 0
Tosr =1 g 0 =1 2 -1 0 (5-3)
00 0 -1 2 -1
-1 0 0 0 -1 2]

Therefore, after substituting Eq. (5-3) into Eq. (5-1), we obtain (Vy, V2, V3, Va, Vs, Vi) = (V,
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2V/3, V/3, 0, V/3, 2V/3) and I =1, =2V, -V, -V, =%%V . Consequently, we have



1 1 1 2¢° . . .
g, = =0and g =—=——=——, consistent with the experimental results

shown in Fig. 1-5.

In fact, given the universality of the Landauer- Biittiker formalism, we can calculate the
voltage distributions of contacts in any device configuration. Figures 3.6(c) and (d) show the
four-terminal 7#bar (also called H-bar) configuration. In the QSHE state, following the same
scenario provided above, we obtain that (Vi, V2, V3, Vi) = (V, 2V/3, V/3, 0) and

2
1=1=2V-V,-V, = ie—V. Accordingly, the measured longitudinal conductance T,
3h

should be quantized to 4e%/h, and such expectation was experimentally confirmed in both the

InAs/GaSb [39] and CdTe/HgTe [154] QW systems.

5.3. Physical Explanations about Chiral/Helical Edge Conductions

Although the quantized edge conduction can be understood from the Landauer-Biittiker
formalism, as described in Section 5.2, the intrinsic physics behind the chiral and helical edge
states still need to be further investigated. Especially for the disspationless edge conduction in
the QSHE regime, it is difficult to comprehend why the measured longitudinal resistance
along the edge channel is non-zero and why such value depends on the device configurations.
Therefore, in this section, we will explain the quantum transport from a more fundamental
physical point of view.
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It is known that for a two-terminal ballistic transport, the coherent electron conduction
would not introduce any modification to the potential distribution along the channel, and the
voltage drop occurs only at the contact [153]. As a result, the measured resistance
(conductance) between the neighboring two contacts is R = Ro/M (G = Go-M), where Ry = h/e?
(Go = €%/h) is the quantized resistance (conductance) per coherent channel, and M is the
number of coherent channels between the two contacts. Note that since the dissipationless
conduction is scale-invariant, it is thus meaningless to define the resistivity (conductivity) in

the quantum transport regime.

Next, in the system with multiple contacts, we point out that a contact is not a TRS
breaking single-particle potential with matrix elements connecting counter-propagating edge
channels with opposite spins. A contact is, ultimately, a reservoir of electrons which
populates both channels incoherently. Furthermore, an ideal contact populates both channels
with equal weight, i.e. it injects spin up and spin down electrons with equal probability. A
right-moving electron entering a contact will disappear into the reservoir. Since the contact
(except the source contact and drain contact) is assumed not to draw any current, the reservoir
has to inject a new electron into the device. This new electron can be of either spin state, and
bears no phase relationship with the previous electron. For an ideal contact, this electron has
1/2 probability of being injected as a left-mover, which is the origin of the resistance

contributed by the contact. Note that this incoherent momentum-relaxing event is different
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from usual coherent momentum relaxation caused by potential scattering in an ordinary

(non-helical) 1D system [154].

On the contrary, in the QHE/QAHE cases where TRS is broken, the channels are chiral
such that the edge current can only flow along one direction. Under such circumstance, even
the contact breaks the coherence of the edge transport, the new electron injected from the
contact has to continue the movement towards the right direction since left-moving is strictly
prohibited by chirality. As a result, the longitudinal conductance is always quantized to be
ne*/h with n is the number of channels on each edge, and such value is independent of the
presence of additional lateral contacts. Consequently, the quantization of the chiral
conductance is always maintained constant and robust, regardless of whether transport is

coherent or incoherent [154].

In fact, since Ry (Go) only describes one coherent channel, the de-phasing process due to
every additional contact in the helical QSHE case effectively introduces additional Ry along
the edge. Consequently, the equivalent circuits for the six-terminal Hall bar device in the

QSHE state is thus plotted in Fig. 5-7(d). By solving this equivalent circuit, we finally obtain

that V23 = Vid3, V), :(ERO)IM, and R, :Q:——:—RO :LZ, which are again
2 w 31, 2 2e

consistent with both the experimental data and the Landauer- Biittiker calculation results.
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Figure 5-7. Contact effect and equivalent circuit of six-terminal Hall bar in the QSHE
state. (a) De-phasing process in the QSHE state induced by the lateral contacts. (b) Due to
the chirality, the contact does not affect the longitudinal dissipationless conduction in the
QHE state. Adopted from Ref. [154]. (c) Schematic of the four-probe configuration in
transport measurement. (d) Equivalent circuit of the six-terminal Hall bar considering the
effect of the lateral contacts.

5.4. Dissipative side-surface edge conduction

Figure 5-8 shows the R.-T and R.,-T results of the 10 QL Cro.24(Bio.3Sbo.7)1.76Tes film at
B =3 Tand 15 T in the low-temperature region (7 < 1 K). Both the enhanced magnetization
and the reduced thermal activations at lower temperatures help localize the bulk conduction
channels, and thus drive the system from the regular diffusive transport regime (7 > 1 K)

towards the chiral edge conduction regime. As a result, Ry diminishes rapidly as the sample
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temperature drops, which is opposite to the R.. — T relation in the higher temperature region
as shown in Fig. 5-1(d). Moreover, when the magnetic TI film reaches the QAHE state below
85 mK, we also observe a non-zero R.c similar to the previously reported 5 QL
Cro.15(Bio.1Sbo.9)1.85Tes film case [114]. It is noted that the underlying mechanisms of the
non-zero longitudinal resistances in these two systems are quite different. In particular, it was
reported that when a large external magnetic field (B > 10 T) was applied, the 5 QL film was
driven into a perfect QHE regime, and Ry diminished almost to zero [114]. In contrast, it is
apparent from Fig. 5-8(a) that the longitudinal resistance in our 10 QL Cro24(Bio.3Sbo.7)1.76Te3

sample remains at 3 kQ even when the applied magnetic field reaches 15 T.
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Figure 5-8. Non-zero longitudinal resistance in the 10 QL Cro.24(Bio.3Sbo.7)1.76Te3 film. (a)
Temperature-dependent Ry, and R,, of the 10 QL Cro24(Bio3Sbo.7)1.76Tes film at B =3 T and
15 T in the low-temperature region. (b) Magnetic field dependence of Ry at 85 mK. R, in our
10 QL magnetic TI sample shows little field dependence when B > 3 T. Adopted from Ref.
[152].
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More importantly, unlike the bulk conduction case which has a typical parabolic MR
relation (Fig. 3-2(c)), Rx at T = 85 mK exhibits little field dependence when the magnetic
field is larger than 3 T (Fig. 5-8(b)). Consequently, it may be suggested that the non-zero R
in the thicker 10 QL magnetic TI film is more likely associated with a unique dissipative edge
conduction, whose origins cannot be simply attributed to either the variable range hopping
(VRH) [114] or the gapless quasi-helical edge states [116] as proposed for the 5 QL magnetic

TI film.

In order to explain the non-zero field-independent R, in our 10 QL
Cro.24(Bio3Sbo.7)1.76Tes sample, let us consider a 3D ferromagnetic TI film with a uniform
magnetization M pointing along the z-axis as illustrated in Fig. 5-9(a), the strong exchange
field can significantly affect the surface state properties. For the top and bottom surface states,
the Hamiltonian can be expressed as Hyp, = iwa[(kxay - kycrx) + (aqu)JZ], where @ is
a coupling constant between M and ¢, thus indicating a massive Dirac cone with a gap 4, ~
2appM [119].0n the other hand, the Hamiltonian of one x-z side surface is shown in the
lower panel of Fig. 5-9(a), giving H,, = ith[(kx+a’qu)aZ - kycrx] , where a4’ is
typically different from a because of the anisotropic coupling of ¢ to the M along different
directions [119]. Instead of being gapped, the Dirac point on the x-z side surface is shifted
from the center (0, 0) to off-center (-a'uyM, 0) in the momentum space [119]. One direct
consequence is the removal of the backscattering suppression condition as illustrated in Fig.

5-9(b). For a non-spin-flip backscattering, the k to —k transition in a Dirac cone centered at (0,
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0) is strongly suppressed due to the chirality conservation. On the contrary, in an off-centered
Dirac cone, the backscattering is no longer suppressed by the chirality conservation, which
results in a dissipative transport along the side surfaces. In addition, the corresponding spin
texture and left-right transport coefficients in an off-centered Dirac cone are also expected to
change as opposed to a centered Dirac cone. In contrast to the one-dimensional nature of the
quasi-helical edge transport for the 5 QL film [114], which makes it quite sensitive to the
magnetic field and gets suppressed at strong fields [116], here this side-surface dissipative

transport is expected to have little dependence on magnetic field.

(a) Top surface 4 Ag=2apuM (b) kz
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Figure 5-9. Possible side-surface conduction in 3D magnetic TIs. (a) [llustration of the top
and side surface states in a uniformly magnetized topological insulator. (b) For an
off-centered Dirac cone on the side surfaces, backscattering is no longer suppressed. Adopted
from Ref. [152].

5.5. Non-local transport measurements
For conventional diffusive transport, it is known that R = oL/W, where pis the resistivity,

L is the length, and W is the width. On the contrary, the presence of chiral edge states in the
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QAHE regime lead to non-local transport, which invalidates the concept of Ohm’s law [154].
To illustrate the chiral edge conduction feature for the QAHE state, we perform the non-local
measurements on the six-terminal Hall bar device, as shown in the inset of Fig. 5-10. In this
non-local configuration, the current is passed through contacts 1 (source) and 2 (drain) while
the non-local resistances among contacts 3 to 6 are measured. Following the same scenario
described in Section 5.2, we can apply Eq. (5-1) with the initial conditions that V; =V, V> =

0,11=-I>=1 and I3 = Iy = Is = Is = 0. Accordingly, we obtain that

Ve=Vs=Vi=V3=V;=(h/e’), Mz>0 (5-4a)
Ve=Vs=Vs=V3=V2=10, Mz<0 (5-4b)
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Figure 5-10. Field-dependent results for two non-local resistances R;2i6 and Riz32. (a)
[-18 T, 18 T] scale. (b) [-1 T, 1 T] scale. The measurements are performed at 20 mK on the
10 QL Cro24(Bio.3Sbo.7)1.76Tes film. Inset: illustrations of the QAHE edge channels under
different magnetizations.
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Experimentally, it is clearly observed from Fig. 5-10 that both the measured R;2 6 and
Ri232 show the zero-to-h/e? transition when the magnetization of the sample is switched by
the applied magnetic field. In the meanwhile, the polarities of these two signals are consistent
with Eq. (5-4): R12,32 reaches 25.8 kQ (Note that there is no power dissipation along the chiral
edge channel, and the voltage drops only on the drain contact 2) when the film is magnetized
along +z direction while R;2 s becomes quantized in the —M. regime. Therefore, Fig. 5-10

provides the direct evidence of the unique chiral edge conduction in the QAHE regime.

From Eq. (5-4), it is also concluded that in the ideal QAHE regime where the quantum
transport is only featured by the dissipationless chiral edge conduction, there is no voltage
drop among the four voltage probes (contacts 3-6), therefore leaving the non-local resistance
of Ri254 to be nearly zero regardless of the magnetization direction [155]. Now, if we
consider the influence of the additional dissipative non-chiral edge channel as discovered in
Fig. 5-8 for the 10 QL Cro24(Bi0.3Sbo.7)1.76Tes film, there are two possible paths for the
non-local signals: the voltage probes measure the voltage drop along the same edge where the
QAHE edge state is present, and the voltage probes are away from the dissipationless chiral
edge channel. To further verify the above argument, two different non-local configurations
are investigated: in case A, the current is passed through contacts 1 (source) and 2 (drain)
while the non-local resistance between contacts 5 and 4 (R;2,54) is measured (top inset of Fig.
5-11(a)); in case B, a quasi H-bar geometry is adopted such that contacts 2 and 6 are

designated as the source/drain pads while contacts 3 and 5 are used as the voltage probes
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(R26,35, top inset of Fig. 5-11(b)). In the QAHE regime (T < 85 mK), it can be clearly seen
that both R;2s54 and R2s3s5 display square-shaped hysteresis windows with Hc = 0.12 T, but
their polarities are opposite. In other words, when B < -0.2 T, R;2s5+ reaches the
high-resistance state of 15 Q while R2s 35 is at the low-resistance state close to zero. Here, we
point out that the non-local resistances can be understood from the chirality of QAHE. In the
inset of the bottom Fig. 4(a), for example, we show that when the film is magnetized along
+z direction, the chirality forces the QAHE dissipationless current flow from contact 1 to
contact 2 through the 1 -6 -5-4-3-2 contacts successively, and in turns “shorts” the
contacts so that Vs = Vs = V4= V3~ V; = V[155]. As a result, the voltage drop between these
contacts is negligible, and R;254 is driven into the low-resistance state (2 Q). On the other
hand, when the magnetization is reversed (-z direction), the 15t and 2" contacts are directly
connected through the upper edge (lower left panel of Fig. 5-11(a)), and the voltage probes
from V3to Vs are now away from the dissipationless QAHE channel. Consequently, the
non-local signal only relates to the voltage drop caused by the dissipative edge channel,
which gives rise to a larger value of R;2 54 The same transport principle can also be applied to
the quasi H-bar non-local configuration (case B), and the illustrations of field-dependent
conduction paths are consistent with the measured R2s 35 results, as shown in the bottom
panels of Fig. 5-11(b). It is noted that, in contrast to the QAHE regime (7 < 85 mK), both
Ri2s54 and Rs35 are dominated by the larger bulk conduction component at a higher

temperature of 4.7 K (i.e., the non-local resistances are more than 10 times larger than those
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probed at 85 mK). In such diffusive transport regime, the square-shaped hysteresis non-local
signals are replaced by the ordinary parabolic MR backgrounds, and the polarity differences
between R;254 and Rz 35 also disappear. To summarize, both the field-independent Ry shown
in Fig. 5-8(b) and the non-local resistances displayed in Fig. 5-11 confirm the coexistence of
QAHE chiral edge channel and the additional dissipative edge conduction in the thick 10 QL

Cr-doped TI sample.
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Figure 5-11. Temperature-dependent non-local results for both the six-terminal Hall
bar and the quasi H-bar devices. (a) Case A: the current is applied through 1% to 2" contact
and the non-local voltages are measured between 4™ and 5™ contacts at 7= 85 mK and 4.7 K.
(b) Case B: the current is applied through 2" to 6™ contact and the non-local voltages are
measured between 3 and 5™ contacts with different magnetizations. Inset: Illustrations of the
QAHE channel under different magnetizations. The red solid arrow indicates that the
magnetic field is swept from positive (+z) to negative (-z), whereas the blue solid arrow
corresponds to the opposite magnetic field sweeping direction. Adopted from Ref. [152].
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5.6. Re-capturing the quantum Hall trio

So far, we have explicitly showed the intrinsic mechanisms and distinct quantized
edge transport phenomena for the three important quantum Hall effects. In this section, we
would like to summarize and compare both the relations and differences between these

quantum Hall trio, and show the advantages of QAHE for low-power interconnect

applications.
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Figure 5-12. Illustration of the quantum Hall trio. (a) Quantum Hall case. External
perpendicular magnetic field is required to localize dissipative channels and quantize LLs.
Due to the TRS breaking, chiral edge conduction is dominant. (b) Quantum spin Hall case.
Due to the protection of TRS and spin-momentum locking mechanism, opposite-spin
electrons occupy opposite sides in the quantum spin Hall system. (¢) Quantum Anomalous
Hall case. The TRS is broken by magnetic doping. When the film is magnetized along
+z-direction, only spin-up electrons flow through the edge clockwise. Note: The arrows
represent the current directions (i.e., opposite to the electron conduction directions).

It is known that QHE can only be realized in a C;= 1 Chern insulator where the bulk is
insulating because of the discrete Landau levels (LLs) and the conduction channels only exist

at the edges, as shown in Fig. 5-12(a) [153]. In the QHE regime, the external magnetic field
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acts as a gauge field which couples to the momentum of the electrons and forces the electrons
to make cyclotron motions in real space. In order to form the discrete LLs (i.e., to change the
band topology), the electrons need to complete the cyclotron motion circles before losing its
momentum due to scattering, and this in turn requires the electrons to have a very high
mobility. In addition, the precise LL quantization also requires the electrons to be confined in
the 2D dimension so that the energy levels of these quantized orbitals take on discrete values,
as given by Eq. (2-6). Therefore, once the Fermi level is located inside the gap between two
neighboring LLs, the quantum chiral edge state readily appears while the bulk carriers are
localized by the cyclotron orbitals. In other words, the realization of QHE demands a strong

magnetic field and a high mobility material with a good 2D confinement [123].

The QSHE, on the other hand, does not need any external magnetic field. It is realized in
systems where the strong spin-orbit interaction leads to the band inversion at the I” point in
the Brillouin zone. This band inversion makes the system into a C>= 1 (C; = 0) Chern
insulator with the quantized channel number M = 2 [31]. Here the second Chern number is
employed to describe the topology in the QSHE state. Because the TRS is preserved in such
system (i.e., the external magnetic field is zero), the resulting quantum edge states are helical
instead of chiral, as shown in Fig. 5-12(b). Accordingly, when the Fermi level is placed
inside the bulk band gap, the longitudinal conductance exhibits a quantized 2e¢?h helical
conduction. It is noted that since the bulk band gap, which is determined by the spin-orbit

interaction strength, is usually small (i.e., up to 0.3 eV), the quantum helical edge conduction
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is thus vulnerable to any intrinsic bulk impurity/defect-induced carrier states and band
potential fluctuations. Consequently, the QSHE requires a very high material quality (i.e.,
low bulk carrier density and high mobility). To date, the QSHE has only been realized
experimentally in the HgTe/CdTe [34, 154] and InAs/GaSb [38, 39] QWSs, and the

quantization of the longitudinal resistance (conductance) is relatively weak.

Compared with QHE and QSHE discussed above, the QAHE involves both the strong
spin-orbit interaction and the magnetic exchange interaction in a magnetic insulating system.
In the QAHE regime with a robust magnetic moment, the strong spin-orbit interaction as well
leads to the band inversion. However, the large exchange field from the spontaneous
magnetization, as large as 100 T, can effectively couple with the spins of the band electrons,
and split the spin-up and spin-down sub-bands in the opposite directions. It in turn results in
one pair of the spin-resolved bands un-inverted while keeping the other pair still remains
within the non-trivial topological state. As a result, in contrast to the QSHE state, the bulk
topology is changed, the system becomes a C;= 1 Chern insulator, and the quantized QAHE
chiral edge transport at zero external magnetic field can be achieved when the Fermi level is
located in the massive Dirac surface band gap, as displayed in Fig. 5-12(c). In the meanwhile,
compared with QHE, the TRS in the QAHE state is broken by the spontaneous magnetization
rather than external magnetic field, and it does not require the formation of LLs. Accordingly,
QAHE may have loose requirements on the film thickness and quality, (i.e., our grown

magnetic TI film has a relatively low mobility of 600 ¢cm?/Vs and the film is much thicker
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than the 2D hybridization limit, but the quantized conduction of e€?/h is quite robust). In
summary, the realization of QAHE requires an appropriate spin-orbit interaction, a strong
exchange interaction (i.e., in order to both splits the bands and localizes the bulk carriers) and
an out-of-plane magnetic anisotropy; all of which are found to be satisfied in the Cr-doped

(BiSb).Te; thin films.

5.7. Metal-to-insulator switching in quantum anomalous Hall states

Ever since the discovery of QHE [104], enormous efforts have been made elucidating the
universal behavior of this quantum transport phenomenon [156-158]. Within the framework
of 2D localization theorem, the renormalization group (RG) flow of the system can be
well-described in the conductance plot, where stable points appear at (G, Oy) = (0, ne?/h), in
accordance with the n" LL (n is an integer). In the meanwhile, the quantum phase transition
between neighboring LLs follows a continuous semicircle centered at (0w, &) = (0,
(n-1/2)e*/h) with the scaling behavior dictated by the localization length [159-161]. In the
extreme case of QHE when the applied magnetic field is so large that the ground LL exceeds
the Fermi level, the 2DEG system will be driven into the so-called quantum Hall insulator
state where the longitudinal resistance diverges as the temperature approaches absolute zero,
yet the Hall resistance saturates towards the quantized value corresponding to the ground LL
state [158, 162-164].
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Following the footprint of QHE, J. Wang et al. recently applied a microscopic network
model of quantum percolation to investigate the universal scaling of the QAHE plateau
transition around the coercive field [165]. Generally, it was proposed that in an ideal 2D
magnetic TI system, the competition between the FM exchange field and the quantum
confinement-induced hybridization would change the band topology, therefore leading to the
phase transition from the C; = 1 QAHE state to the C; = 0 insulating state. Under such
circumstances, an intermediate zero Hall conductance (ox, = 0) plateau was expected to
appear between the two QAHE states (0y, = % €?/h), while the longitudinal conductance (i)
should exhibit double peaks at the coercive fields. Unfortunately, due to the major challenge
on growing high quality magnetic TIs within the 2D hybridization limit, experimental
observations of the zero Hall plateau state in a quantum anomalous Hall insulator and the
plateau transition from oy, = + e*h to d;, = 0 in the QAHE regime have not been reported
yet. Meanwhile, although there was an earlier attempt to interpret QAHE following the RG

flow argument [166], the universality of this distinct QAHE phase remains to be ascertained.

In this section, we use the Cr-doped (BiSb).Tes films grown on semi-insulating GaAs
(111)B substrates via MBE to study QAHE and its related phase diagram. The growth
condition and chemical composition of the film are carefully optimized such that the bulk
defect density is minimized and the Fermi level is already within the surface gap without
additional electric field tuning. In order to generate the hybridization surface state gap mo [49,
111], the film thickness used here is precisely chosen as 6 QL. After careful in-situ surface
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passivation, we carry out standard four-point magneto-transport measurements on the 6 QL
Cro.24(Bio3Sbo.7)1.76Tes Hall bar device with dimensions of 2 mm X 1 mm, as illustrated in
Fig. 5-13(a). Figure 5-13(b) shows the quantization of the anomalous Hall resistance (R, =
h/e? ~ 25.81 kQ) up to 7 = 0.26 K. The sign of the quantized R, with respect to the
magnetization direction is consistent with the chiral conduction property, as elaborated in
Section 5.1. Likewise, the magneto-resistance (R..) results are plotted in Fig. 5-13(c). The
striking feature here is that at the base temperature 7 = 0.02 K, R,. increases dramatically
from almost a vanishing value (Rx min ~ 20 Q) at zero field to a giant peak (R« prax ~ 380
kQ) at the coercivity field (Hc = £ 0.12 T); both Ry« prax and the corresponding MR ratio (>
10° %) are much larger than those reported previously [114, 152, 166-168]. It is noted that
the steep divergence of Ry at zero LL was also observed in graphene under high magnetic
field[169]. However, the underlying mechanisms are quite different. For the graphene case, it
was believed that the increased exchange interaction at high Br would split the spin
degeneracy of graphene around the Dirac point, and lifted the original fourfold degenerate
Dirac cone by a Zeeman gap [169-171]. In contrast, both the giant Ry« prax at small Hc and
its temperature-dependent behavior shown in our 2D magnetic TI film (Fig. 5-13(d)) can be
understood from the magnetic multi-domain network model at the QAHE phase transition

regime, as we will explain in details below.
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Figure 5-13. Quantum anomalous Hall effect in the 6 QL Cro.24(Bio.3Sbo.7)1.76Te3 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 7= 0.26 K. 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 Ry quickly diverges at lower temperatures. (d) Temperature-dependent
Ry prax and R, extracted from Figs. 5-13(b) and (c). The anomalous Hall resistance R,
becomes quantized up to 0.3 K, and the giant Ry prax resolved at 0.02 K is around 380 kQ,
the largest value obtained among all reported QAHE systems. Adopted from Ref. [172].

In the next step, we re-plot the QAHE data on the basis of conductance in Fig. 5-14 by

using the reciprocal p- otensor conversion given by
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Remarkably, two intermediate plateau with oy, = 0 are clearly developed at Hc =
20.12 T when T = 0.02K. In the meantime, O also show two double-peaks around Hc,
consistent with the theoretical prediction [165]. Here, we would like to re-capture the essence
of the proposed multi-domain network model. In principle, for a 2D magnetic TI system,
there are two mechanisms to open the surface state gap: one is the hybridization gap my
between the top and bottom surface states due to quantum confinement, and the other is the
exchange field gap 4u introduced by the FM ordering along the z-direction [49, 165]. In the
QAHE regime with |4y [>| mol, all the magnetic domains in the FM TI are aligned along the
same direction, and the corresponding Chern number of the system is C;= Aw/|dv | = £1.
Consequently, there is only one pair of edge states propagating along the sample edge with
Gy = Cr-¢’/h = = €?/h. On the other hand, the zero Hall plateau occurs around the coercivity
field during the magnetization reversal process with the mean value of 4y ~ 0. Accordingly,
the system is transitioned into an insulating state where the first Chern number becomes C;=0
and g, = C;-¢*/h = 0. Microscopically, when the applied magnetic field is around Hc, the 6
QL magnetic TI filmis driven into a multi-domain structure with each microscopic magnetic
domain being switched from up to down randomly, as shown in Fig. 5-14(c). When the

localization length is small enough at low temperatures, the tunneling between chiral edge
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states at the domain walls is suppressed, and the total conduction in the multi-domain

network is thus minimized.

5{ 1
7 3 4567 2 3
T(K)0.1

Figure 5-14. Quantum phase transition of quantum anomalous Hall effect. (a) Magnetic
field dependent g, at different temperatures. Zero Hall plateau at +H¢ are developed between
the two QAHE states up to 0.33 K. (b) Magnetic field dependent ¢, at different temperatures.
Even when the film already deviates from the perfect QAHE state at 7= 0.33 K, both the
zero O and double-peaked i still persist. (¢) Schematic of the multi-domain network
formed during the magnetization reversal process. The upward green arrows and downward
yellow arrows denote the up (4y > |mg|) and down (dy < -|Jmo|) magnetic domains. (d)

Temperature-dependent transition slope S = (00,,/0H )max extracted from Fig. 5-14(a).

When 7< 0.1 K, § O T* follows the power low scaling behavior with x = 0.22. Adopted from
Ref. [172].
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Equally important, it is noted that the insulating state in the 2D QAHE case is
different from the quantum Hall insulator in conventional 2DEG systems in terms of
resistivity. In particular, as T — 0, the zero-Hall plateau QAHE insulator approaches (0w —
0, Oy — 0), while the QHE insulator exhibits (O — ©, gy — Vh/e?) where V is the lowest
LL filing factor [158, 163]. This is due to the differences of the band structures: for magnetic
TI, the linear Dirac-cone-like surface states enable the Fermi level to be located at the Dirac
point; yet for ordinary 2DEG with parabolic energy dispersion relation, no zero LL is
allowed, and the minimum value of 0, thus has to saturate at a non-zero ground quantized
value of h/e’. Even for QHE in 2D Dirac fermion system (i.e., graphene) with zero™ LL
[173], the observed zero-energy state (Ox — ©, O, — 0) at high magnetic field [169] is
microscopically different from the multi-domain network discussed above. Therefore, the
magneto-conductance results of our 6 QL Cro24(Bio3Sbo.7)1.76Tes film in Figs. 5-14(a) and (b)
provide direct evidence of the quantum phase transition between the C; = 1 QAHE state and

the C; = 0 insulating state in the massive Dirac fermion context.

Moreover, the temperature dependence of the zero Hall plateau is also investigated.
Figs. 5-14(a) and (b) present the measured ¢, and O data at several temperatures,
respectively. It is seen that with increasing temperature, the zero Hall plateau near Hc
gradually narrows (Fig. 5-14(a)), and the G« double-peaks also widens at high temperatures
(Fig. 5-14(b)); when the sample further warms up, both these intermediate features cannot be

resolved any more at 7= 1.9 K. As suggested by J. Wang et al., temperature-dependent &,
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slope § = (00, /0H )max is displayed in Fig. 5-14(d) to study the scaling behavior of the
QAHE plateau transition. Although S is found to monotonically decrease versus temperature,
we should point out that there are some quantitative differences between the theoretical
proposal and our experimental results. First, unlike the simulation results [165], both zero o,
plateau and double-split Ox persist even when the system has already deviated from the
perfect quantization case at 0.33 K (g, = 0.992 e¢*h and 0 picks up a relative large
background signal of 0.127 e*h). Second, the temperature—dependence of S seems not to
follow the predicted simple S // T * relation in the entire temperature range (0.02 K to 0.33
K); yet when T < 0.1K, the power law scaling is fitted quite well with x = 0.22, which is just
one half of x = 0.42 measured in the QHE transition [160]. The possible reasons for the above
differences may be due to the fact that the coercivity shifts when 0.1K < 7 < 0.33 K
compared to 7 < 0.1 K (Fig. 5-15(b)), and extra thermally activated bulk carriers would also
contribute to the transport (i.e., Ry increases dramatically when 7 > 0.1K, as highlighted in
the Inset of Fig. 5-15(a)) [168], therefore complicating the slope of ¢, in the high

temperature regime.
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Figure 5-15. Temperature-dependent magneto-transport results of the 6 QL
Cro.24(Bio3Sbo.7)1.76Tes film. (a) Temperature-dependent R, and Ry, at low temperatures.
When 7' < 15 K, Ru(1T) starts to decrease, and the Ry, - T curve follows a single power law
behavior. (b) The complete magneto-transport data of Ry and R. for the 6 QL
Cro.24(Bio3Sbo.7)1.76Tes film. Adopted from Ref. [172].

5.8. Mapping the semicircle QAHE phase diagram

In light of the importance of QAHE phase transition, we further performed the
angle-dependent measurements. In Section 3.5, we have shown the Cr-doped (BiSb).Te; thin
films develop robust out-of-plane FM order in the QAHE regime. If the applied magnetic
field is not perfectly perpendicular to the film, the induced in-plane magnetic component
would tilt the Cr magnetization, and thereby helps to modulate the strength of A as well.
Figures 5-16(a) and (b) show the magneto-transport results of the 6 QL

Cro.24(Bi0.3Sbo.7)1.76Tes film as the tilted angle & of the Hall-bar device with respect to the
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magnetic field is varied from 90° (out-of-plane) to 180° (in-plane). It is observed that with
small magnetic field sweeping (-0.5 T < B < 0.5 T) at T = 0.02 K, the quantization of Ry, is
relatively robust as long as @ < 150° (in terms of conductance plot, both zero-Hall plateau
and double-peaked 0. persist in such angle range, as illustrated in Fig. 5-17). On the other
hand, as both B and @ increase, the system starts to deviate from the QAHE state. In the
extreme case when the film is rotated almost parallel with the magnetic field (8= 180° + 5°),
the measured in-plane magneto-resistance reflects a rather insulating feature: the
corresponding dashed purple curve in Fig. 16(b) strongly suggests the system is rapidly
approaching toward an angle-induced insulating state with Ry.> 400 kQ. Note that due to the
giant perpendicular anisotropy in the Cr-doped TI systems, out-of-plane magnetic domains

might still be formed in this case when 8~ 180° [60, 174].
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Figure 5-16. Angle-dependent transport measurements in the quantum anomalous Hall
regime. (a) Quantum anomalous Hall results when the 6 QL magnetic TI film is rotated to &
=90°, 120°, and 150°, respectively. The external magnetic field is swept between -1 T and +1
T. The sample temperature is 0.02 K. (b) Magneto-resistance results of the sample under
different tilted angle @at T = 0.02 K. The film enters the QAHE insulating state when it is
rotated parallel to B. Angle-dependent (c) Ry, and (d) R. under different fixed B at 7'= 0.02
K. All curves tend to converge at two critical points at (Rxw, Ryy) = (0, h/e?) and (~15 h/e?, 0).
Adopted from Ref. [172].
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Figure 5-17. Angle-dependent magneto-conductance (left-ciy and right-cix) results of
the 6 QL Cro.24(Bio.3Sbo.7)1.76Tes film in the QAHE regime. (a) 8= 90° (same as Figs.
5-14(a) and (b)), (b) 8= 120°, and (¢) 8= 150°. Corresponding magneto-resistance results are
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shown in Figs. 5-16(a) and (b). The hysteresis oy, curves at all these three tilted angles
develop the zero Hall plateau feature, and ;. show the double-split peaks as well.

A more detailed experiment is carried out subsequently that both Ry, and Ry, are recorded
when the 6 QL magnetic TI film is continuously rotated from 90° to 180°, under different
fixed applied magnetic fields. From Figs. 5-16(c) and (d), it is clear that the system undergoes
the smooth quantum phase transition with respect to 8 Most importantly, we find that both
Ry and Ry curves for B = 1 T tend to converge at critical points [Rx(90°) = 0, Rw(180°) ~ 15
h/e?] and [R«(90°) = h/e?, Ry, (180°) = 0], while different magnetic fields only modulate the
transition process in between: Ry, rolls off the h/e’quantization line more quickly and the

divergence of R, occurs at smaller &when B increases.

We can further visualize the angle-assisted QAHE phase transition in Fig. 5-18.
Significantly, when displayed in the ¢, - i plot, all &dependent curves for B = 1T, which
have been manually shifted vertically by (B-1)x%0.1¢*/h for comparison in Fig. 5-18(a), follow
a single continuous semicircle which is centered at (G, Gy) = (0, €2/2h) with the radius of
¢?/2h. Meanwhile, another interesting finding in Figs. 5-18(a) and (b) is the importance of the
in-plane magnetic field B, = B-cos@ on the universal QAHE phase diagram. If we divide the
conductance semicircle into three angle regions (red dots for [90°, 120°], green dots for [90°,
150°], and blue dots for [150°, 180°]), and track the evolutions of each component versus the
applied magnetic field, we see that it is the strength of B/ rather than the B,/ Boratio that

determines the QAHE phase transition. As highlighted by the dashed curves in Fig. 3-18(a), it
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is evident that even B,/ Bo=tan™! @is always smaller than 1 within [90°, 120°], the in-plane
By under high magnetic fields (B > 1T) still manage to force the conduction deviate from the
dissipationless (0, h/e?) point, and such spread-out trend becomes more pronounced with
increased B (and thus B/). In contrast, as long as the total magnetic field B is smaller than the
critical magnetic field (Bo ~ 1 T), the semicircle phase transition cannot be completed even
when 8= 180° (B/max = B), as manifested in the upper panel of Fig. 5-18(b). Finally, by
combining both the field-dependent results of Fig. 5-14 and the angle-dependent data of Fig.
5-18(a) (8 O [90°, 270°], B = 1 T) together in the o, - O plot, we produce a single
semicircle curve in Fig. 5-18(c), illustrating the similar QAHE phase transition feature
between the C; = 0 zero Hall plateau state and the two C; = £ 1 QAHE states. Given that the
scaling rule of localization in the multi-domain configuration is temperature-dependent [165],
the deviation from the two QAHE-characterized (0, 0) and (0, e*/h) points is indeed found to

become more obvious with increasing 7, as shown in Fig. 5-18(d).
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Figure 5-18. Universal phase diagram of quantum anomalous Hall effect in the 2D
regime. (a) Angle-assisted QAHE phase transition in the (G, Oy) plot. The data are
extracted from Figs. 5-16(c) and (d). The 6 QL Cr-doped TI film is continuously rotated from
90°(out-of-plane) to 180° (in-plane) with respect to the applied magnetic field direction. All
curves overlap with each other following the single semicircle relation. Data are shifted
vertically by (B-1)x0.1¢e*h for convenient comparison. (b) Magnetic field dependent QAHE
phase diagram in the 3D plot. When B/, < 0.5 T, the semicircle transition cannot be completed.
(c) Compare the field-dependent results in Fig. 5-14 with the angle-dependent data in Fig.
5-18(a) (80 [90°, 270°] and B = 1 T). Identical QAHE phase transition between the C; = 0
insulating state and the two C; = + 1 QAHE states is manifested. (d) Temperature-dependent
(G, Oy) plot. As T increases, the intrinsic localization scaling rule diverts the system from
the original QAHE and insulating states. The dotted lines link the data points with the same
angles (60 [90°, 270°] with each step of 10°) between 0.02 K and 1.9 K. Adopted from Ref.
[172].

Compared with the universal QAHE phase diagram, it is found that, similar
conductance semicircles have been extensively investigated to describe the global phase
diagram of QHE [156-159], yet we emphasize here that the microscopic physics between the
QHE and QAHE phase transitions are different. Specifically speaking, the QHE phase
diagram is closely related to the LL quantization. The corresponding quantum Hall plateau
transitions happen when the Fermi level across mobility edges, which are due to
disorder-induced localization-delocalization transitions [157]. Concurrently, the quantum
Hall insulator is achieved when the applied Bz is large enough to drive the ground LL
overlaps with Er[163, 164]. On the contrary, in the QAHE state, the zero quantized Hall
plateau is the result of the multi-domain formation and a network of chiral edge states at
domain walls during the magnetization reversal process [165]. As a result, the phase

transition to the zero Hall plateau state in the QAHE regime can be obtained at a much
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smaller magnetic field, as addressed in Figs. 5-14 and 5-18. Furthermore, since the first
Chern number in the QAHE state is determined by the competition between magnetic
exchange gap and hybridization gap [165], it is thus suggested that in 3D magnetic TIs where
higher subbands may participate into the band topology transition [120], new QAHE phases
with tunable C; are expected, and relevant phase transition can thus be further modulated by

film thickness.

5.9. Summary of Chapter 5

In this chapter, we investigate the chiral transport of the QAHE state and its related
quantum phase transition in the millimeter-size Cro.24(Bio3Sbo.7)1.76Tes films. Due to the high
sample quality achieved by the non-equilibrium MBE growth and robust magnetism at low
temperatures, the quantized Hall conductance of e?/h is found to persist even when the film
thickness varies across 2D hybridization limit (from 6 QL to 10 QL). The robust
dissipationless chiral edge states at zero magnetic field not only reflect the unique quantum
transport character of the QAHE, but also reveal the distinctions between QAHE and the
other two quantum phases (QHE and QSHE): particularly, both large spin-orbit coupling and
magnetic exchange interaction enable the quantized edge transport beyond 2D limit without
invoking the formation of LLs (different from QHE), and the chirality makes the

dissipationless conduction be immune to any de-coherence (in contrast to QSHE).
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Surprisingly, for the 10 QL Cro24(Bio.3Sbo.7)1.76Tes sample, a non-zero longitudinal resistance
is detected and it is found to be insensitive to external magnetic fields, suggesting the
influence of the film thickness on the dissipative edge channel in the QAHE regime.
Non-local transport measurements are further performed and the results indicate the possible
presence of the non-chiral side surface propagation modes. The extension of QAHE into the
three-dimensional thickness region addresses the universality of this quantum transport
phenomenon and motivates the exploration of new QAHE phases with tunable Chern
numbers. In addition, the observation of the scale-invariant dissipationless chiral propagation
on a macroscopic scale makes a major stride towards ideal low-power interconnect

applications.

On the other hand, when additional quantum confinement is introduced, we report the
experimental observation of the metal-to-insulator switching between two opposite QAHE
plateau states in the 6 QL Cro.24(Bio3Sbo.7)1.76Tes film. Owing to the highly insulating bulk
state, we observe the giant longitudinal resistance peak and zero Hall conductance plateau at
the coercivity field up to 0.3 K, and they manifest the presence of the quantum anomalous
Hall insulating state within the magnetic multi-domain network context. Moreover, by
studying the angle-dependent quantum transport behaviors, the 2D massive Dirac
fermion-featured QAHE phase diagram is mapped out to show that the QAHE state with the
first Chern number C; = 1 is transitioned into the C; = 0 insulating state, and the conductance

tensor (G, Oxy) follows a universal semicircle relation, regardless of the applied magnetic
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field strength. Our results address that the quantum phase transitions in both QAHE and QHE
regimes are in the same universality class, yet the microscopic details are different. In
addition, the realization of the quantum anomalous Hall insulator from both the field-driven
and angle-dependent methods at small magnetic fields unveils new ways to explore quantum

phase-related physics and applications.

147



Chapter 6
Surface-related Ferromagnetism and Giant Spin-Orbit
Torques in Magnetic Topological Insulator

Heterostructures

Till now, all the experiments in Chapters 3-5 are based on the uniformly-doped magnetic
TI systems. In fact, as we showed in Fig. 1-7(a), the functionalities of TRS-breaking physics
and applications can be further enhanced if additional structural engineering is introduced.
For example, it is noted that since the magnetic dopants distribute homogeneously inside
uniform magnetic TI thin films, it is thus difficult to quantify the surface-related magnetism
from the total signals (which contain the bulk, top and bottom surfaces). Alternatively, if the
TI surface states are well-separated from the bulk magnetic ions, the Dirac-fermion-related
magnetism can be easily distinguished. In the meanwhile, the integration of both TIs and
magnetic TIs into the single heterostructures will enable us to better manipulate the band
topology as well as the magnetic exchange coupling. Therefore, in this chapter, we would
like to describe how we utilize the advantage of MBE to prepare the TI/Cr-doped TI bilayer
samples, and investigate both the surface-related magneto-electric responses and giant

spin-orbit torques in such heterostructures.
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6.1. TI/Cr-doped TI heterostructures by MBE

To investigate the interaction between the magnetic impurities and surface Dirac carriers
in magnetically doped TIs, high quality Cr-doped (BixSbix)2Tes thin films are first prepared
using MBE. In contrast to the conventional uniform doping method, we use a
modulation-doped method to produce the (BixSbix)2Tes /Cri(BiySbi.y)2-,Tes bilayer films by
accurately controlling the Cr-dopant distribution profiles along the epitaxial growth direction
[175-177]. The schematic layout and corresponding energy band diagram of such bilayer
structures are shown in Fig. 6-1(a). During the sample growth, we use real-time RHEED to
in-situ monitor the growth dynamics. Specifically, sharp streaky lines with the bright specular
spot persist the entire growth period, indicating a smooth 2D growth mode. In the meanwhile,
by counting the RHEED oscillations displayed in Fig. 6-1(b), we are able to control the
thickness of both the Cr-doped TI and pure TI layers with high accuracy (i.e., deviation <
+0.1 nm compared with the designed value). Crystalline structure characterization is
performed using HRSTEM. Figure 6-1(c) reveals the atomically sharp TI — GaAs interface
and highly-ordered tetradymite-type QL structure. Such epitaxially-ordered lattice
configuration also confirms that there is no second phase segregation inside the TI thin film
within the resolution of HRSTEM. In addition, the Bi/Sb composition ratio (x, y) and the Cr
doping level are determined by the EDX spectroscopy as shown in Fig. 6-1(d). In contrast to

the lower figure, the absence of the Cr peak in the upper EDX spectrum provides strong
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evidence that the Cr atoms only distribute inside the bottom 6 QL Cro.08(Bio.59Sbo41)1.92Tes

layer, while the top 3 QL layer is free of magnetic impurities.

—
‘o
Ny

(Bi,Shy,,),Te;
d
Cr-(Binbl_y)zTes
2

3 “Intensity (a.u)

GaAs (111)

e

\
\

—
(=2
N

Intensity (a.u)
# Intensity (a.u)

7’

0 1 2 3 4 5
# QLs during growth 2 3

4
Energy (keV)

Figure 6-1. Modulation-doped (BixSbi-x)2Tes / Crz(BiySbiy)2zTes bilayer structure. (a)
Schematic layout and energy band diagram for the bi-layer device consisting of one
(BixSbix)2Tes layer on top of another Cr,(BiySbi.y)2..Tes layer. The composition ratio of x, y,
and z is carefully chosen so that the two channels have similar low conductivities and bulk
carrier densities. (b) RHEED oscillations used to monitor the growth conditions and control

the thin film thickness. Inset: A streaky RHEED pattern along the [1 150] direction of the

as-grown surface that indicates a 2D growth mode. (¢) HRSTEM image of the bilayer thin
film. Typical quintuple-layered crystalline structure and sharp TI — GaAs interface can be
clearly observed. No Cr segregations are detected, which indicates a uniform Cr distribution
in the magnetic TI material matrix. (d) EDX spectrum of (BiosSbos).Tes and
Cro.08(Bio.59Sbo41)1.92Tes layers. Adopted from Ref. [145].

We have demonstrated in previous chapters that a moderate Cr doping of about 10% is
sufficient enough to force the Dirac-cone-like surface open the band gap. In this study, to

ensure a solid comparison, all of the modulation-doped TI bilayer samples we prepare have
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identical Cro.16(Bio.59Sbo.41)1.84Tes bottom layers with the same film thickness of 6 QL, Bi/Sb
ratio of 0.59/0.41, and the Cr doping concentration of 8%. Figure 6-2(a) displays the RHEED
parameters in all TI/Cr-doped TI samples. The change of d-spacing values from initial GaAs
(111)B surface has a little variation, and same RHEED oscillation periods are observed, both
of which well-demonstrate the consistency of our MBE-grown thin films. In addition, Fig.
6-2(b) illustrates the AHE results of the three modulation-doped TI samples used in the
following MOKE measurements: Sample A has a 6 QL Cro.16(Bio.50Sbo41)1s4Tes with a
uniform Cr-doping profile, and it serves as the control sample; Sample B and Sample C share
the same 6 QL Cro.16(Bio.59Sbo41)1.84Tes designs in the bottom, but differ in the top undoped
(Bio.sSbo.5)2Tes layer thickness, namely d; = 3QL for Sample B and d; = 6 QL for Sample C.
By extracting the linear slopes from the Ry, curves at high magnetic field, we observe nearly
the same Hall densities at 2.8 K, namely 4.01 x 10'2 cm™ for Sample A, 3.89 x 10'2 cm™ for
Sample B, and 3.73 x 10'> ¢m? for Sample C. Consequently, both the RHEED and
magneto-transport measurements confirm the reliability of the descriptions and comparisons

in this chapter.

As for the top undoped TI layers in these samples, we adjust the Bi/Sb ratio to be 0.5/0.5
so that the electrical conductivity is similar to that of the bottom Cro.16(Bio.590Sbo41)1.84Tes
layer (i.e., the current density is uniform in the heterostructures to avoid any shunting effect),
as shown in Figs. 6-2(c) and (d). More importantly, the low densities obtained in both layers

further ensure that the Fermi level Er locates well-inside the bulk band-gap, therefore
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minimizing the bulk conduction in the following electric-field-controlled transport

measurements.
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Figure 6-2. Optimization of the TI/Cr-doped TI bilayer structures. (a) Comparisons of
d-spacing change as well as growth rate among the bottom Cr-doped layer of several
modulation-doped samples. (b) AHE results of the three TI/Cr-doped TI samples used in the
following MOKE experiments. Magneto-conductance data showing similar conductance for
the (c) 6 QL (Bio.sSbos)2Tesz and (d) 6 QL Cro.16(Bio.so0Sbo.41)1.84Tes thin films on GaAs (111)B
substrate at 1.9 K. The external magnetic field is applied perpendicular to the samples, and
the arrows indicate the sweeping directions of the field. Adopted from Ref. [145].

6.2. Polar-mode MOKE measurements

The main objective of the following sections is to investigate the surface-related

magnetism in the modulation-doped TI heterostructures. We first perform the MOKE
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measurement since it offers a straightforward quantification of the magnetizations. The
MOKE measurement is based on the magneto-optic Kerr effect, which uses the elliptical
polarized reflected light to probe the magnetic property of materials. Arising from the
out-of-plane magnetic anisotropy in the Cr-doped TI systems, polar geometry MOKE mode
is used in our experiments, as shown in Fig. 6-3. Moreover, since the FM order in our
Cr-doped TI sample can only be formed below 20 K, we thus integrate the MOKE system
with additional temperature-controlled cryostats to carry out the low-temperature

measurements (i.e., down to 2.8 K with liquid helium cooling and good vacuum).
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Figure 6-3. Schematic optical bench setup of the polar MOKE measurement. Adopted
from Ref. [145].

In the MOKE measurements, a standard 633 nm helium-neon laser is used as the
light source. In order to estimate the penetration depth of such light, we first apply the generic

Maxwell Equations as
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where & o, and u are the permittivity, conductivity, and magnetic permittivity of a

continuous, infinite and isotropic media, respectively. Under an AC excitation, the electric

field in the TI thin film is in the form of E = E exp[icA—z —t)], where the refractive index
c

is given by

wz?z = o, (i0 + wEE,) (6-2)

By solving the AC Drude model combined with Eq. (6-2), we can obtain both the real

and imaginary parts as
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Under the Taylor expansion approximation, we further obtain the absorption
coefficient @ =47, /A, . By substituting Eq. (6-2) with measured parameters of the
(Bio.sSbos).Tes material, we finally get the penetration depth (d,) of 340 nm at
room-temperature, and reduces to 46 nm at low temperature. Accordingly, the MOKE signals
reflect the overall magnetization of the whole TI/Cr-doped TI bilayer sample (which has the

film thickness around 10 nm).
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Figure 6-4 shows the field-dependent MOKE results of Samples A, B, and C at
different temperatures (the sample descriptions are given in Section 6.1). All of these three
samples display nearly square-shaped ferromagnetic hysteresis loops at low temperatures,
suggesting the robust ferromagnetic order with the easy axis perpendicular to these thin films.
However, the magnitudes of their MOKE signals are dramatically different. On the one hand,
when the top layer thickness d; is 3 QL, the coercivity field Hc at T = 2.8 K has enlarged by
more than 5 times (i.e., from 4.5 mT to 30 mT) compared with the control sample. On the
other hand, Hc does not change monotonically with d;. Instead, when the top surface is 6 QL
away from the bottom layer, we observe the minimum Hc of only 2.5 mT. Similarly, if we
extract the Curie temperature 7c from the Hc - T curves in Figs. 6-4(d) — (f), we have the
highest 7c (10.9 K) for Sample B, compared with 7.4 K and 6.9 K in Samples A and C,
respectively. Here, since the identical bottom Cr-doped TI layers of the three samples
contribute the same “bulk” magnetization, the change of both Hc and 7¢c among them hence
can only be associated with the separation between the top surface and the bulk Cr ions.
Therefore, both the unique d;-dependent magnetization behavior and the enhancement of 7¢
in Sample B may provide us with the direct evidence about the presence of the

surface-related ferromagnetism in modulation-doped TI thin films.
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Figure 6-4. Temperature-dependent magnetization MOKE measurement. (a)-(c)
Out-of-plane M-H hysteresis loops of Samples A, B, and C measured by the polar-mode
MOKE setup. All of the modulation-doped samples have the same 6 QL
Cro.16(Bio.59Sbo41)1.84Tes bottom layer, with different top layer thicknesses (0QL, 3QL, and
6QL). The largest magnetization is produced in the 3 QL TI / 6 QL Cr-doped TI structure.
(d)-(f) The extraction of the saturated magnetization My and coercivity field Hc from MOKE
measurements. Adopted Ref. [145].

6.3. Surface-related ferromagnetism in TI/Cr-doped TI heterostructures

To further investigate the intrinsic mechanism of the surface-related magnetic response,
we fabricate pm-size top-gated Hall bar devices to carry out the electric-field-controlled

magneto-transport measurements on the modulation-doped TI heterostructures. Due to the
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low defects achieved in the growth, the electric field provided by top gate (£12 V) can tune
the Er across the Dirac point, and the characteristic ambipolar field effects are observed in all
the five low-carrier-density samples where both the carrier type and carrier density are
well-controlled, as presented in Figs. 6-5(a) - (e). Therefore, with the effective gate tuning,

we are able to fully investigate the topological surface-related magnetism under different

carrier-mediated conditions.
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Figure 6-5. Ambipolar effects and gate-modulations in TI/Cr-doped TI samples. All
samples have the same 6 QL Cro.16(Bio.so0Sbo.41)1.84Tes bottom layer while the thicknesses of
top (Bio.sSbos)2Tes films are chosen as (a) 0 QL, (b) 2 QL, (¢) 3 QL, (d) 4 QL, and (e) 6 QL,
respectively. The measurements are performed at 1.9 K. Adopted from Ref. [145].

Figures 6-6(a) — (d) present the top-gate-dependent AHE results in four (Bio.sSbo.s)2Tes/
Cro.16(Bio.59Sbo.a1)1.84Tes bilayer films with different top TI layer thicknesses: d; = 2 QL,

3QL, 4QL, and 6QL, respectively. When d; is below 6 QL, the hysteresis Ry, loops in Figs
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6-6(a) — (c) all exhibit a typical hole-mediated RKKY coupling feature in the p-type region,
where the magnetic hysteresis window gradually shrinks as the holes are depleted by the
increase of V. Similar to the MOKE data in Fig. 6-4, it is also interesting to observe that the
AHE signal (in terms of Hc¢) is most enhanced when d; = 3 QL. On the other hand, when the
top layer thickness is further increased to d; = 6 QL, the electric-field has no effect on the
AHE signal at all, and Hc remains at 20 mT for all applied ¥, as shown in Fig. 6-6(d). Apart
from the d;-dependent AHE measurements, information regarding novel magneto-electric
effects is also obtained from the MR results. Figs 6-6(e) — (h) provide three-dimensional
normalized MR maps as a function of applied V, for the same samples as shown in Figs.
6-6(a) — (d). Conventional butterfly-shaped double-split MR peaks are observed, and the peak
positions that deviate from B = 0 T directly indicate the remnant field generated by the
ferromagnetic moments. In agreement with the AHE observations, the tunability of the MR
peak position by external electric-field depends on the top layer thickness d;, and the
separation of the split peaks reaches the maximum value (i.e., 140 mT in Fig. 6-6(f)) in the
“optimized” d; = 3 QL sample. More importantly, as long as d; < 6 QL, the MR curves
always display a WL effect, where the conduction of the surface carriers is affected by the
underneath Cr impurities and the corresponding destructive quantum interference in turn
gives rise to the negative MR cusps at low magnetic field [57, 148]. On the contrary, the
development of the negative weak WAL cusp around zero magnetic field becomes

pronounced only when d; increases to 6 QL (Fig. 6-6(h)). Together with the gate-insensitive
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hysteresis behaviors, the d;-dependent WL-to-WAL crossover may imply that the
re-appearance of massless Dirac-fermions on the top surface given that the separation d; is
large enough to prevent strong magnetic coupling from the underlying magnetic impurities

[178, 179].
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Figure 6-6. Surface-mediated magneto-electric effects in TI/Cr-doped TI bilayers.
(a)-(d) Gate-dependent anomalous Hall effects on top-gated (BiosSbos)Tes /
Cro.16(Bio.59Sbo41)1.84Tes bilayer structures. The bottom layer thickness is fixed as 6 QL, and
the top layer thickness d; is selected from 2 QL, 3 QL, 4 QL, and 6 QL, respectively. The
surface-related magneto-electric effect becomes most significant when d; = 3 QL, and
disappears once d; > 6 QL. All of the data are collected at 7 = 1.9 K. (e)-(h)
Electric-field-controlled longitudinal magneto-resistance MR on top-gated (Bio.sSbos)2Tes /
Cro.16(Bio.59Sbo.41)1.84Tes bilayer heterostructures with different top layer thicknesses. Arrows
indicate the sweeping directions of the magnetic field. Typical butterfly shapes are observed,
and the change of peak positions by gate bias is consistent with the change in the AHE
curves. The WAL peak appears when d; > 6 QL, and it may indicate the recovery of massless
Dirac-fermions on the surface. Adopted from Ref. [145].

In order to quantitatively examine the d;-dependent magneto-electric responses, we

subsequently compare the Hc - V, results of the TI/Cr-doped TI bilayer samples with their top
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layer thicknesses varying from 0 QL to 5 QL in Figure 6-7(a). Here, the unveiled
monotonically decreasing relation of Hc — Vy in the p-type region (i.e, -12 V <V, <5 V)
possibly suggests that one of the prevailing magnetic mechanisms in the
Cro.16(Bio.s9Sbo.41)1.84Tes-based bilayer films (with d; < 6 QL) is introduced by the
hole-mediated RKKY interaction. Indeed, as we will elaborate in the following Section 6.4,
similar to bulk itinerant carriers, the surface holes are also much more favored for mediating
the p-d exchange coupling in the Cr-doped (BixSbix):Tes TIs compared with surface
electrons, given the fact that the DOS of the 3d Cr ion mostly distributes below the Dirac
point in the bulk band gap. In the meanwhile, due to the effective Fermi level tuning, the
coercivity fields Hc are found to achieve over 100% modulation via gate-voltage control in
all samples with d; varying from 0 QL to 4 QL; the most pronounced change is obtained in
the 3 QL TI / 6 QL Cr-doped TI sample, as illustrated in Figure 6-7(b). Specifically, Hc
decreases steadily from 135 mT down to 65 mT with the depletion of the holes, and the
corresponding electric-field-controlled coercivity field change (AHc = 70 mT) is three times
larger than the uniformly doped control sample (AHc = 20 mT). It is important to point out
that the Debye length Ap ( which is the characteristic length over which the charge carrier
density in a material is affected by an external electric field through the electrostatic effects)
of our grown modulation-doped TI bilayer films is estimated to be less than 3 nm at 1.9 K
when the samples are biased in the inversion/accumulation regions(i.e., with the electron/hole

carrier density much larger than 10!7 cm™) [6, 180, 181]. Based on our device geometry (Fig.
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4-1), it implies that the applied top-gate voltage is only able to tune the Fermi level of the top
surface states. Accordingly, we may conclude that the magneto-electric responses among the
modulation-doped TI hetero-structures in the p-type regions are predominantly due to the
variations of the surface-related ferromagnetism, and the pronounced enhancement of AHc
may reflect the optimization of the magnetic RKKY coupling between neighboring Cr ions
through top surface states. Furthermore, it should be also noted that since the screening effect
limits the effect of the external electric-field beyond the top surface region when the surface
Fermi level is tuned away from the Dirac point, the bulk magnetizations (i.e., van Vleck
mechanism or bulk-carrier-mediated RKKY interaction) hence are almost irrelevant to the
top-gate bias. Under the circumstance where the top-surface-related magnetic order is
minimized, both the carrier-independent AHE signals observed in the d; = 6 QL sample
(Figure 6-6(d)) and the non-zero magnetization remaining in the n-type regions for d; < 6 QL
samples (Vg > 5 V in Figure 6-7(a)) can possibly be attributed to the bulk ferromagnetism

(i.e., not mediated by the top-surface-related effects).

143

(z_luo oLx ) 9y

NBROoOaNW

161



Figure 6-7. Manipulation of surface-related ferromagnetism in TI/Cr-doped TI
heterostructures. (a) Gate-controlled coercivity field Hc of modulation-doped structures.
The Cr-doped TI layer is fixed as 6 QL Cro.16(Bio.59Sbo.41)1.84Tes, whereas the thickness of the
top undoped TI layer changes from 0 QL to 5 QL. All data are measured at 1.9 K. (b)
Comparisons of the both the “neutral point” Hc and gate-controlled coercivity field change
AH¢ in modulation-doped samples with varying top surface thickness d;. The “neutral point”
is defined as the position where the surface Fermi level is tuned close to the Dirac point. (¢)
Three-dimensional map of the coercivity field Hc under different gate biases and
temperatures for the 4 QL (BiosSbos)2Tes / 6 QL Cro.i6(Bio.s59Sbo.41)1.84Tes thin film. Curie
temperature 7cis estimated from the temperature-dependent AHE effect where the hysteresis
behavior disappears above 7c. Many different data for various gate biases are used to
construct Fig. 6-7(¢c). (d) Temperature-dependent anomalous Hall effect of the 4 QL TI / 6
QL Cr-doped TI thin film under the applied gate voltage of -8V. (e) Electric-field dependent
Curie temperature and 2D carrier density n2p as functions of V.. The overall Hall density n2p
exhibits a sign change at V', = 0 V. T¢ decreases monotonically when the majority carriers are
changed from p-type to n-type, which is consistent with the hole-mediated RKKY
mechanisms on the top surface. Ref. [145].

In addition to the above realization of intrinsic magnetism, understanding the underlying
magnetic phase transition and the Curie temperature is equally important. Figure 6-7(c)
shows a three-dimensional map of T¢ in which T¢ is estimated from the evolution of the
coercivity field Hc under different temperatures and the gate voltages in the 4 QL TI/ 6 QL
Cr-doped TTI bilayer sample. Since Tc is the measure of the transition from the FM to PM
state, the magnetic hysteresis window is therefore expected to be closed (i.e., Hc becomes
zero) when the temperature is above 7c. As an example, the temperature evolution of Hc
under a fixed electric field of V, =-12 V is given in Figure 6-7(d), and the Curie temperature
is extracted to be Tc = 7.3 £ 0.2 K. Besides, Figure 6-7(e) displays the gate-dependent 7¢ and

the corresponding carrier density n>p —V, curves. As V, increases progressively from negative
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to positive, Tc reduces, and the calculated Hall density systematically changes from p-type to

n-type, which confirms the presence of the hole-mediated RKKY mechanism.

Finally, d;-dependent magnetic results (i.e., Hc and 7¢) of Samples A, B, and C are
summarized in Fig. 6-8. The highly consistency between the MOKE and AHE data again
manifests the importance of the magnetic interaction range, and the optimization of the
surface-related ferromagnetism in the 3 QL (BiosSbos)2Tes / 6 QL Cro.16(Bio.s9Sbo.41)1.84Tes

bilayer sample.
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Figure 6-8. Optimization of surface-related ferromagnetism. d;-dependent (a) coercivity
field and (b) FM phase transition Curie temperature in samples A, B and C.

6.4. Dirac-fermion-related ferromagnetism

Section 1.3 only presents the bulk magnetic properties of the magnetic TIs. On the other
hand, given the unique Dirac-cone-like linear energy band structure of the topological surface

states, it was proposed that two magnetic impurities could be coupled over a much longer
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distance through surface carriers without oscillation when the Fermi level approached the
Dirac point [82, 83, 182]. Under such predictions, it is reasonable to conclude that the
surface-mediated RKKY coupling strength should also become maximized near the Dirac
point. However, the above electric-field-controlled AHE measurements on the TI/Cr-doped
TI heterostructures clearly showed a hole-mediated behavior in magnetic TI materials, in
contrast to the theoretical prediction. In this section, in order to resolve such ambiguity, we
will show that Dirac holes are much more favorable for the surface-mediated RKKY
interaction in the Cr-doped (BiSb):Tes system due to the particular DOS distributions of the

d-orbital Cr*" ions.

In principle, the generic RKKY long-range exchange model discussed in Section 1.3 is
still valid except that the Green function, which is used to describe the TI surface states, is

now given by [82]

E
41V}

R,) =~ 10 3 ey (E ]
G(Rij) [iH, (hv YFzUo*xn)H, (h N (6-4)

F vF
where H (" is the v-order Hankel function of the first kind. After combing Eq. (1-5) with Eq.

(6-4), the surface-carrier-mediated RKKY interaction can be written as [82]
HS = F(R,E.)S, (5, + F,(R,E.)(S, xS,), + Fy(R,E,)S"S’ (6-5)

where the range function F; gives rise to the Heisenberg-like term, F> represents the

Dzyaloshinskii-Moriya-like term, and F’; stands for the Ising-like term. According to Zhu et
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al’s calculations, all these range functions, F;-F3, still have the oscillation period of 77kr
[183-185], where kr is the Fermi wave vector, and their magnitudes all scale with (J?/R%)
[82]. When the surface Fermi energy level moves towards the Dirac point, the oscillation
period of the RKKY interaction will diverge since the Fermi wavelength A, =1/, becomes
infinity as kr approaches zero [182], and thus neighboring magnetic impurities can always be
coupled through the itinerant carriers when Ar is much larger than the average distance

between them, as shown in the inset of Figure 6-9(a).

On the other hand, however, we should point out that in addition to Ar, the
surface-mediated RKKY interaction is also related to the DOS distributions of both the
mediating surface carriers and magnetic dopants, as we elaborated in Section 1.3 [79]. Since
the DOS of Dirac surface states have the form that D(E,) = E, /(7h°v;) =k, /(Thv,.), it is
thus inversely proportional to Ar. As a result, the overall strength of surface RKKY
interaction is counterbalanced by the oscillation period (77kr) and D(Er) (O kr). In
particularly, as the Fermi level approaches the Dirac point, fewer Dirac fermions around the
Fermi level will take part in the surface-mediated RKKY interaction process even though Ar
becomes larger, and the two effects combined lead to a finite surface RKKY coupling in the
vicinity of the Dirac point. In order to quantitatively study the surface-mediated RKKY
interaction in magnetic TIs, here, we show one example of a moderate-doped
Cro.16(Bio.59Sbo 41)1.84Tes sample. In particular, with the Cr doping level of 8%, we find that

the average distance between neighboring Cr*" ions is R = 11 A. If we further assume that the
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on-site exchange parameter J is a constant of 7eVA? (the same value used in Ref. [82]), we
have the range function of surface-related RKKY interaction in Fig. 6-9(b). Surprisingly, it
can be seen that the range functions in the Cro.16(BiosSbo4)isaTes system almost remain

constant, regardless of the Fermi level position (with respect to the Dirac point).
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Figure 6-9. The range functions of surface-related RKKY interaction with fixed
exchange parameter. (a) The range functions (F;-F3) of the surface RKKY interaction as a
function of the distance R between localized spin when Er is 100 meV above the Dirac point.
The inset shows the intrinsic case (Er = 0). Adopted from Ref. [82]. (b) The range functions
(F1-F3) of the surface RKKY interaction as a function of the Fermi energy Er for the
Cro.16(Bio.59Sbo.41)1.84Tes sample. In both (a) and (b), the on-site exchange parameter J is
assumed to be a constant of 7e VA2,

More importantly, as we elaborated in Section 1.3, the on-site exchange parameter J is
directly related to the magnetic ion d-orbital density of states distribution D4(Er), and
therefore its magnitude is also dependent on the Fermi level position (rather than a fixed

number). Combined with the DOS distribution of the Cr’* ions Dg4(Er) which is majorly
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distributed below the Dirac point (Fig. 4-4(b)), it is concluded that Dirac holes can effectively
align neighboring Cr ions, and the surface-related ferromagnetism is manifested in the p-type
region, similar to the bulk RKKY case. Accordingly, the above scenario is consistent with

our experiment results.

6.5. TI/Cr-doped TI bilayer model

To understand the optimization behavior of the surface-mediated magneto-electric effect
in the TI/Cr-doped TI bilayer device, we can propose the realistic model based on two
factors. First of all, it is known that both the magnetic dipole and exchange interactions from
the bottom magnetic layer will force the top surface open a surface gap 4y. In our
TI/Cr-doped TI bilayer systems, since the mediating carriers itinerate within the top surface
states, the resulting exchange coupling, and thus the gap opening, will thus decay
exponentially with the separation distance (d;). Because the RKKY coupling is a
second-order-perturbation interaction, its exchange strength is thus inversely proportional to
the energy difference between the ground and the excited states (i.e., 4y) [186]. On the other
hand, however, since the density of surface carriers follows the 7 (d) 0e™"'™ distribution
relation and Dy characterizes the penetration depth of the surface states with a typical value of
2 ~3 QLs [187, 188], it is expected that as d; becomes larger, fewer surface Dirac fermions
will participate into the RKKY mediating process, therefore weakening the surface-related
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RKKY coupling strength. Accordingly, if we take these two competing factors into
consideration, the overall d;-dependent surface-related RKKY exchange strength < @(d;) >

follows

A,
Ale—dl /D, + A

<D(d)) >= B e (6-6)

dipole

where @ is the RKKY interaction strength in the uniformly Cr-doped TI film and
Ao=A1+Aaipote 1s the total surface gap opening which takes into account both the direct
magnetic exchange field (4;) and the long-range magnetic dipolar field (4dipore) from the
doped Cr ions. Based on Eq. (6-6), it is obvious to see that as the thickness d; increases, the

carrier density will drop rapidly which further decreases the ® e """

part; on the contrary,
the reduced surface Dirac fermion gap A(d,)in the denominator enhances the RKKY
interaction. For the d; = 0 case, Eq. (6-6) reduces to the uniformly doped case that
<®(d,)>=®,, while in the opposite extreme condition where d, =0, <®(d,)> returns
back to zero, corresponding to the surface-bulk decoupled condition. By fitting Eq. (6-6) with
the our experiment data, we obtain the d;-dependent < @(d;) > behavior in Fig. 6-10(b). In

addition, the optimized condition d; = 3 QL (i.e., 0(< ®(d,) >)/0d, =0) is consistent with

Fig. 6-7(b), manifesting the fundamental surface-related RKKY mechanism.
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Figure 6-10. Coupling between surface carriers and magnetic dopants. (a) Schematic
representations of the surface-related magneto-electric effects in the TI/Cr-doped TI bilayer

d, (QL)

structures with optimized top layer thickness d; = 3 QL. (b) Simulation results of the
surface-mediated RKKY coupling strength as the function of d;. Adopted from Ref. [145].

6.6. Current-induced magnetization switching in TI/Cr-doped TIs

So far, we have discussed about the influence of the FM orders on the band topology. In
the meanwhile, the giant SOC in the bulk TI matrix can also affect the magnetizations. In
fact, it has been observed in the heavy metals (Pt, Ta) with strong SOC, applied in-plane
charge current can control the magnetization dynamics in an adjacent ferromagnet layer (Co,
CoFeB) due to the spin-orbit torques (SOTs) [189-196]. Compared with the heavy
metal/ferromagnetic heterostructures (HMFHs), in our conductive TI/Cr-doped TI bilayer
heterostructures, a dominant spin accumulation in the TI layer with spin polarized in the
transverse direction is expected when passing a charge current along the y-direction due to

the SHE in the bulk and the spin polarization arising from the Rashba-type interactions at the
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interfaces. A strong enhancement of the interfacial spin accumulation can be expected due to

the spin-momentum locking of the topological surface states [197].

(b) z

Figure 6-11. Bilayer structures used for the SOTs study. (a) Schematic of conventional
HMFHs device. The SHE in the top heavy metal layer (Ta) generates spin current, and such
spin current can apply efficient SOTs to the bottom FM layer (CoFeB), and in turn changes
its magnetization direction. Adopted from Ref. [189]. (b) In our MBE-grown TI/Cr-doped TI
system, the top TI layer provides giant SOC while the bottom Cr-doped TI serves as the FM
layer. Adopted from Ref. [174].

The accumulated spins’ angular momentum can be directly transferred to the
magnetization M and therefore affect its dynamics. In particular, the complete form of the

Landau-Lifshitz—Gilbert (LLG) equation which includes the SOT is given by [198, 199]

dm L o= a
=y gy x H )+ ——

= TG D) A< i)+ AR (67)

where yis the gyromagnetic ratio, / is the charge current conducting along the longitudinal
direction, 7 is magnetization vector, and & is the damping coefficient. In general, we have

both the spin-transfer like torque A /[m x(mxx)]and the field like torque A,I[x xm].

170



Accordingly, we illustrate the four stable states in Fig. 6-12(a) where the applied DC current,
lLae, conducts along the longitudinal direction (i.e., +y-axis), and the external magnetic field is
also applied along the *y-axis in order to determine the stable states of M. It can be seen that
in the presence of a constant external magnetic field in the y-direction, the z-component
magnetization M: can be switched, depending on the DC current conduction direction [194];
likewise, when the applied DC current is fixed, M. can also be switched by changing the

in-plane external magnetic field.
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Figure 6-12. Magnetization switching due to the SOT induced by an in-plane DC
current. (a) Schematic of the four stable magnetization states (panels 1-4) when passing a
large DC current, /4, and applying an in-plane external magnetic field, B,, along the *y
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directions. (b) The AHE resistance R4xe as a function of the in-plane external magnetic field
when passing a constant DC current with Iz = +10 HA (blue squares) and lsc = +10 pA (red
circles) along the Hall bar at 1.9K, respectively. (c) Current-induced magnetization switching
in the Hall bar device at 1.9K in the presence of a constant in-plane magnetic field B, = +0.6
T (blue squares) and B, =-0.6 T (red circles), respectively. Inset: expanded scale to show the
hysteresis windows. (d) Phase diagram of the magnetization state in the presence of an
in-plane external magnetic field B, and a DC current /z. The dashed lines and symbols
(obtained from experiments) represent switching boundaries between the different states. In
all panels, the symbol 1 means M; > 0 and | means M. < 0. Adopted from Ref. [174].

Based on the above scenario, we carry out the (/i-fixed, B,-dependent) and the
(B,-fixed, ls~dependent) experiments at 1.9K; the results are shown in Figs. 6-12(b) and (c),
respectively. Specifically, when I, = +10 QA (blue squares in Fig. 6-12(b)), the AHE
resistance R4pr goes from negative to positive as the applied in-plane magnetic field B,
gradually changes from -3T to 3T, indicating the z-component magnetization M. switches
from -z to +z. In contrast, when /s = -10 YA, the AHE resistance reverses sign (red circles in
Fig. 6-12(b)) and M. varies from +z to -z as By is swept from -3T to 3T. It is noted that in
both cases the AHE resistance hysteresis loops comply with Fig. 6-12(a). At the same time,
when we scan the DC current /s under a given fixed magnetic field, we also observe similar
magnetization switching behavior: the AHE resistance R4ne changes from negative to
positive for B, = +0.6 T (blue squares in Fig. 6-12(c)), but reverses its evolution trend (i.e.,
changes from positive to negative) for B, = +0.6 T (red circles in Fig. 6-12(c)). In this case,
the small hysteresis window in R4z is clearly visible on expanded scale as shown in the inset
of Fig. 6-12(c). Consequently, both the (ls-fixed, B,-dependent) and the (B,-fixed,

ls~dependent) magnetization switching behaviors clearly demonstrate that the magnetization
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can be effectively manipulated by the current-induced SOT in our TI/Cr-doped TI bilayer
heterostructures. We summarize these switching behaviors in the phase diagram in Fig.
6-12(d). For the four corner panels in Fig. 6-12(d) where the field value B, and /. are large,
the magnetization state is deterministic; however, in the central panel where B, and /4 are
small, both magnetization states, up and down, are possible; this behavior agrees well with
the hysteresis windows, as shown in Figs. 6-12(b) and (c), where in the low B, and small /4
region the two magnetization states are both allowed. Based on this phase diagram, it can be
clearly seen that the magnetization can be easily switched with only tens of HA DC current
(i.e., below 8.9x10* A/cm? in current density Ju.), suggesting that the current-induced SOT in

our TI/Cr-doped TI bilayer heterostructures is quite efficient.

6.7. Giant spin-orbit torque in TI/Cr-doped TI heterostructures

In order to quantitatively analyze the current-induced SOT in the TI/Cr-doped TI
bilayer system, we further carry out second harmonic measurements of the AHE resistance to
calibrate the effective spin-orbit field (Bso) arising from the SOT. In particular, by sending an
AC current, [ (¢f)=1,sin(ar), into the Hall bar device, the alternating effective field,

B, (1) = By, sin(at), causes the magnetization M to oscillate around its equilibrium position,

_ l dRAHE
2 dl

. . . . . 2 _
which gives rise to a second harmonic AHE resistance R, = I,, where the
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second harmonic AHE resistance R’%, contains information of Bso, given by the simple

formula as

2w __1 RABSO

AHE — 5 6-8
2(|By [-K) %

where R,4is the out-of-plane saturation AHE resistance. In Fig. 6-13(a), we show the second
harmonic AHE resistance R’.as a function of the in-plane external magnetic field when the
input AC current is given as/__(¢) =/, sin(ar), where Iy = 2 PA and w= 15.8 Hz are used. It
is found that when the in-plane external magnetic field is larger than the saturation field (i.e.,
|By] > K), the Cr-doped TI layer is in a single domain state and polarized in the same
direction as B,, as illustrated in regions I and III in Fig. 6-13(a). Following Eq. (6-8), it is
noted that the magnetization M will be polarized and the oscillation magnitude induced by the
AC current will decrease if we further increase B,, thus causing RjZE to scale as 1/(|By| - K).
By fitting the Rj,‘;’E versus B, curve in the large field region with the above formula, we find
the effective field value, B, ~ +26.2 mT, pointing along +z or —z-axis depending on the
direction of B,, which is consistent with the definition of Bso. Consequently, the scaling
relation of R>%, confirms that the measured 2"d-Harmonic signal indeed comes from the

SOT-induced magnetization oscillation around its equilibrium position.

In addition, we also investigate the strength of the field-like torque (Eq. (6-7)) by rotating
the applied magnetic field in the xz-plane (transverse to the current direction). The obtained

results are plotted in Fig. 6-13(b). It can be seen that the effective field is negative at &g = 0
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and changes to positive at &z = T, which means the effective field is pointing along the —x
direction for both cases. From Fig. 6-13(b) we can obtain that the effective field due to the
field-like torque versus AC current density ratio is 0.0005 mT/(A/cm?), which is one order of

magnitude smaller than the one revealed from the spin transfer-like SOT.
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Figure 6-13. Giant spin-orbit torque realized in the TI/Cr-doped TI structures. (a)
Second harmonic AHE resistance as a function of the in-plane external magnetic field. The
shaded regions I, II, and III represent a single domain state pointing in the —y direction,
magnetization reversal, and a single domain state pointing in the +y direction, respectively.
The solid black line is the experimental raw data. The dashed lines denote the fitting
proportional to 1/(|By| - K) in the negative field region (red line) and in the positive field
region (blue line), respectively. Inset figures in regions I and IIl show the magnetization
oscillation around its equilibrium position when passing an AC current. (b) The transverse
effective spin-orbit field as a function of the AC current amplitude .. for two different Gk
angles in the xz-plane, & = 0 and T, respectively. In the experiments, the applied magnetic
field magnitude is fixed at 2 T and the temperature is kept at 1.9 K. Straight lines in the figure
are linear fittings. Adopted from Ref. [174].
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6.8. Summary of Chapter 6

In this chapter, we explore the (Bi,Sbi.,)>Tes/Crx(BiySbi.y)2xTes bilayer films using the
modulation-doped growth method. By controlling the separation between the top topological
surface and the bottom Cr-doped magnetic TI layer, we identify the presence of
surface-related ferromagnetism from the MOKE measurements. Furthermore, with effective
gate modulation, the surface-mediated magnetization of the TI/Cr-doped TI hetero-structures
can be either amplified or suppressed, depending on the structure engineering. These
electrically controllable topological surface phenomena may help us to broaden the
understanding of magnetic topological insulators and expand the functionality of TI-based
devices. It may also offer new opportunities to utilize the TI heterostructures (i.e., quantum
wells and superlattices), in which interactions among different layers may result in even more

exotic physics and applications.

In the meanwhile, borrowing the same principle of HMFHs, we demonstrate
experimentally the magnetization switching via giant SOT induced by an in-plane current in
the modulation-doped TI/Cr-doped TI bilayer heterostructures. The critical current density
required for switching is as low as 8.9 x 10* A/cm? at 1.9 K. Moreover, using the second
harmonic analysis of the AHE results, we find that the effective field to current ratio, as well
as the spin-Hall angle tangent, is nearly three orders of magnitude larger than those reported
in HMFHs. In conclusion, the giant SOT and ultra-low magnetization-switching current

density revealed in our TI/Cr-doped TI bilayer heterostructures are significant. More
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importantly, since the large SOC is the intrinsic property of the TI materials, it is expected
that the TI-related SOT can persist even at room-temperature. Recently, A.R Melinik et al.
reported a large SOT measured in the ferromagnetic permalloy (NigiFeio) — Bi»Ses
heterostructures at room temperature [200], again suggesting that TIs could enable efficient
electrical manipulation of magnetic materials. In summary, the new progress on the
SOTs-related study in TIs and their heterostructures may open up a new route dedicate to the
innovative spintronics applications such as ultra-low power dissipation memory and logic

devices.
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Chapter 7

Conclusion and Perspective

When the SOC is strong enough to invert the conduction and valence bands in the
material it creates a new state of matter, known as the time-reversal-invariant Z, TIs. With
the unique gapless Dirac-cone-like linear FE-k  dispersion relation and the
spin-momentum-locking mechanism along the surface, TIs are regarded as one of the most
intriguing 2D materials, which arises broad interest among condensed-matter physics,
material science, nano-electronics, spintronics, and energy harvesting applications. In parallel
with the pursuit of the massless Dirac fermions, it is of equal significance to break the TRS of
the TI surfaces by introducing the perpendicular magnetic interaction. In this TRS-breaking
regime, the opened surface gap will give rise to a variety of novel physical phenomena such
as the quantum anomalous Hall effect, single chiral mode conduction, and axion

electrodynamics.

In this Dissertation, we outline our work on the magnetic TI systems and the
TRS-breaking related phenomena. First of all, by using MBE growth method, we are able to
prepare single crystalline Cr-doped (BiSb);Tes thin films with low bulk defects and
well-protected topological surfaces. In the meantime, the high-resolution scanning TEM and

EDX analysis provide the direct evidence that Cr ions distribute uniformly inside the host TI
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system without any segregations or second phase separation. Such salient features provide us

opportunities to elucidate different magnetic interactions in the magnetic TI systems.

Experimentally, we demonstrate the presence of both the hole-mediated RKKY coupling
and the carrier-independent bulk van Vleck magnetism in the MBE grown Cr-doped TI
samples from the top-gate-modulated magneto-transport measurements. In addition, by
deliberately designing the Cr doping profile and electric-gating strategy, we realize the
interplay between the aforementioned two magnetic interactions and establish the valid
approach to either enhance or suppress each individual contribution. Specifically, in the
moderate Cr-doped TI thin films, the applied electric field enables us to tune the surface
Fermi level across the Dirac point, and therefore leads to the dramatic modulation of
coercivity field exceeding 100% when the majority of the charge changes the carrier-type. On
the other hand, when excessive Cr ions are introduced, the electrically controllable
ferromagnetism is greatly suppressed, and robust ferromagnetic order is formed through van
Vleck responses without the presence of mediating carriers. We believe these unique
magneto-electric responses identified in the Cr-doped TI materials will serve as the
fundamental step not only to explore the TRS-breaking TI systems but also to further expand

the functionality of TI-based device for spintronics applications.

In terms of the quantum Hall trio study, we present our experimental observation of
macroscopic millimeter-scale QAHE in Cro24(Bio3Sbo7)i1.76Tes films across the 2D

hybridization limit. Even for the thick films (10QLs), the spontaneous magnetization in our
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magnetic TI film can effectively suppress bulk diffusive channels and the quantized Hall
conductance of e*h is observed up to 85 mK for a large mm sample size. In the meanwhile,
the realization of the QAHE regime in the thick magnetic TI film implies that QSHE may not
be the prerequisite of QAHE; instead, once a non-zero first Chern number is formed, robust
dissipationless edge conduction can always be expected in such exotic ferromagnetic
insulators. Moreover, both the field-independent MR behavior and hysteresis non-local
transport results in the QAHE regime indicate the presence of additional edge channels in the
10 QL film, which may result from the topological side surface states. The latter has an

important implication of how nonlocal transport can be designed.

On the other hand, with additional quantum confinement, we present the first
experimental observation of the QAH insulating state and the e?/h-to-zero Hall plateau
transition in the 6 QL Cro24(Bio3Sbo7)176Tes film up to 0.3 K (and the onsite of
diffuse-to-quantum transport transition occurs as high as 20 K). We show that such QAH
metal-to-insulator switching can only be achieved in high-quality samples with truly bulk
insulating state and precise film thickness control. The realized zero Hall plateau and
double-split longitudinal conductance are manifested from the band topology change
determined by the tunable magnetic exchange-induced surface gap. Moreover, from both the
field-driven and angle-assisted approaches, we establish the global QAH phase diagram in a
single semicircle plot which continuously connects two quantized conductance points

regardless of external magnetic fields. Such QAH phase diagram is similar to that of the
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quantum Hall state, but with a totally different microscopic mechanism. Together with the
demonstration of the scale-invariance of QAHE, our results thus make a major stride towards
ideal low-power interconnect applications in information communication architectures. In
addition, our observation of QAHE in 3D magnetic TI regime also suggests that new Chern

insulators with higher numbers of QAHE conductance plateaus may be realized.

In Chapter 6, by adopting a modulation-doped growth method, we are able to design
unique TI/Cr-doped TI bilayer structures with a systematic variation of chromium doping
profiles. Such a unique design of the device structure provides us with an excellent platform
to adjust and separate the topological surface states and the bulk magnetizations. Accordingly,
we demonstrate a direct manipulation of the surface-mediated magneto-electric coupling in
the modulation-doped TI bilayer-based field-effect transistors. Remarkably, uniform electric
field applied inside the sample enables the surface Fermi level to move progressively across
the Dirac-point, and leads to the dramatic modulation of coercivity field exceeding 100%
when the majority of the surface charge changes the carrier-type. More substantially, the
optimization of bilayer design provides us with another important control parameter to
engineer the surface states. Specifically, the magnetic ordering can be tuned to be maximized
in a3 QL TI/ 6 QL Cr-doped TI structure, where the ferromagnetic phase transition
temperature increases by 3 K compared with a uniformly doped film, and the coercivity is
enhanced from 19 to 84 mT at 1.9 K. The surface-induced electric-field-controlled effect can

also be completely switched-off when the top un-doped layer thickness is large than the
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effective exchange length of 6QL. The unprecedented modulation-doped TI material
structures and the ability to manipulate the surface-induced magneto-electric effects mark an
important milestone in the development of TI materials and set a new stage for applications
of the novel TI-based devices nanoelectronics in spintronics. In contrast with reported results
carried on uniformly doped materials, our work may lead to a new discovery and
development of new influential phenomena such as quantum anomalous Hall effect, chiral
mode dissipationless conduction, and exotic particles (dyons, axions and majorana fermions)

based on the time-reversal-broken surface states.

In addition to the controllable surface-related ferromagnetism, we also present our
experimental results of magnetization switching via the giant SOT induced by in-plane
current in the TI/Cr-doped TI heterostructures. Specifically, we observe the magnetization
switching behaviors through both the (current-fixed, field-dependent) and (field-fixed,
current-dependent) measurements. Intriguingly, the switching is extremely efficient that it
requires only tens of pA DC current (i.e., ~10* A/cm? in current density). Compared with the
reported HMFH systems which all require mA-scale current (i.e., abovel0’” A/cm? in current
density), our modulation-doped TI heterostructures are thus much more efficient to generate
the SOT via the in-plane charge current. Equally important, we investigate quantitatively the
current-induced SOT in our TI/Cr-doped TI bilayer heterostructures by measuring the
effective spin-orbit field using the second harmonic measurement method. We find that the

effective field to current ratio, as well as the spin-Hall angle tangent, is nearly three orders of
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magnitude larger than those reported in HMFHs. Consequently, the giant SOT observed in
our TI/Cr-doped TI bilayer heterostructures may unfold a new research field dedicated to
heterostructures that integrate TIs and magnetic materials, and may also lead to the

innovations of new SOT-related ultra-low-power spintronics devices.

In summary, all the research highlights we present in this Dissertation exhibit bright
prospects and great opportunities for the magnetic TI systems, yet more efforts are required
to propel the magnetic TI research towards a higher stage. For example, the QAHE state
currently can only be realized at extremely low temperature, possibly due to the non-ideal
sample quality (i.e., surface roughness and intrinsic defects) and the tradeoff between the
inverted band topology and the magnetic exchange strength. In the meanwhile, the relative
low Curie temperature of the magnetic TI layer limits the performance of the TI/Cr-doped TI
heterostructures at room-temperature. To overcome such challenges, the search of new TIs
and Chern insulators with larger band gap is of first priority. Simultaneously,
ferromagnetic/anti-ferromagnetic insulators with robust out-of-plane magnetization are also
imperative. Nevertheless, with endowed unparalleled wisdom and creativity of the human
society, I believe the next technology revolution featured by ultra-fast, multifunctional,
low-power, non-volatile spintronics is more than foreseeable; and I would like to end this
Dissertation with an old Chinese proverb “Long as the way is; I see no ending. Yet I will

search high and low with my will unbending”.
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