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Abstract

In condensed matter physics, states of matter are usually classified by symmetry.
Topological states of matter describe new quantum states of matter that cannot
adiabatically connect to conventional states of matter even though they share the
same symmetry. Thus, the discovery of topological states of matter has opened a
new research era and attracted intensive research interests in recent years. This
dissertation is devoted to the theoretical and numerical study of transport properties
of topological states of matter, mainly focusing on two topological systems, time
reversal invariant topological insulator nano-structures and the quantum anomalous
Hall insulators.

The first system studied in this dissertation is time reversal invariant topological
insulator, which is an insulating material behaving as an insulator in its interior
but with conducting channels on its surface. The conducting surface states of a
topological insulator are known as "helical states" due to the spin texture in the
momentum space and protected by time reversal symmetry. Helical surface states
have been observed in surface sensitive experiments, such as angular-resolved photon
emission spectroscopy and scanning tunneling microscopy. However, signatures
of topological surface states in transport measurements are complicated by the
dominating conduction from bulk channels and strong disorder effect. Therefore, in
this dissertation, we numerically study transport in disordered topological insulator
nano-structures, e.g. nanowires and nanotubes, which possess a larger surface-
to-volume ratio compared to bulk systems. For a topological insulator nanowire,
it is found that a gapless mode with linear dispersion, which is refered to as a
topological state in the main text, arises when a half-integer magnetic flux quantum
is inserted along the nanowire. We find that topological states possess a longer
localization length than other non-topological states. Thus, for a long nanowire
or nanotube, a larger conductance appears for half-integer magnetic flux, leading
to magnetoconductance oscillations with a period equivalent to one magnetic flux
quantum. Our numerical simulation of the magnetoconductance oscillations is
supported by experimental observations in resistive BisTes nanotubes.
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Another system that we study is the quantum anomalous Hall insulator. Similar
to the quantum Hall effect, the Hall conductance is quantized and the longitudinal
resistance drops to zero in the quantum anomalous Hall effect. However, the
quantum anomalous Hall effect is realized in a magnetic system in absence of
external magnetic fields and the associated Landau levels. The quantum anomalous
Hall effect was first proposed in magnetically doped HgTe quantum wells. However,
one obstacle is that this system is paramagnetic, and thus external magnetic fields
are required to polarize magnetization and inevitably leads to Landau levels. In this
study, we focus on the role of in-plane magnetic fields and find that the quantum
anomalous Hall effect can be realized by a purely in-plane magnetic field when there
is strain in the system. Symmetry analysis is adopted to provide more theoretical
insight of the underlying physics. Without any strain, we explore how to extract the
role of magnetization in the standard transport measurement of Hall resistance by
rotating magnetic fields. Our results provide a guidance to the recent experiments
in Mn doped HgTe quatnum wells with rotating magnetic fields. Besides these
studies, we also investigate anisotropic magneto-conductance in magnetically doped
(Bi,Sb),Tes films.

The studies in the dissertation are in a close collaboration with transport
measurements of experimental groups, including magneto-conductance oscillation
observed by Qi’s group at Penn State and the study of the Hall conductance in Mn
doped HgTe quantum wells with rotating magnetic fields by Molenkamp’s group at
Wuerzburg University.
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Chapter 1
Introduction : fundamentals of
topological insulators

1.1 History of topological states of matter

The story begins with a well-known phenomenon discussed widely in textbooks
of fundamental physics, the Hall effect. This phenomenon was discovered by and
named after Edwin H. Hall in 1879 [1]. It describes the build-up of a transverse
voltage when a longitudinal current is driven across a conductor in a perpendicular
magnetic field as depicted in Fig.1.1. The transverse voltage, also called Hall
voltage, is produced by the cyclotron motion and the subsequent deflection of
moving electrons due to the Lorentz force. The Hall effect has an important
application in solid-state transport measurements: it is a basic tool to characterize
carrier type and carrier concentration of the material by the sign and the magnitude
of the Hall voltage, respectively.

Soon after the discovery of the (classical) Hall effect, Hall found a significant
enhancement of the Hall voltage in a current-carrying ferromagnetic material, which
is dubbed as the anomalous Hall effect [2]. The physical origin of the anomalous
Hall effect has been studied extensively in the past 50 years [3]. Although the
general mechanism is complicated due to multiple contributions, the key ingredients
for the anomalous Hall effect are magnetism, spin-orbit coupling and disorder effects.
The recent development comes from the theoretical understanding of topological
origin of the Hall conductance , which is related to Berry curvature of electronic

bands [4]. Non-zero Berry curvature is found in electronic bands with magnetism
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Figure 1.1. Schematic view of the geometry for the Hall effect. A specimen is under a
perpendicular magnetic field B and a current [ is going through along y-direction. The
deflection of electron is in x-direction. The accumulation of the charges creates an electric
field Fy that cancels the Lorentz force Fly.

and spin-orbit coupling, contributing to the non-zero anomalous Hall conductance.
For this mechanism, the Hall conductance is a consequence of topology of band
structures, rather than external scattering mechanism or electromagnetic interaction.
Thus, the anomalous Hall effect induced by this mechanism is called the intrinsic
anomalous Hall effect.

One hundred years later, von Klitzing et al. [5] discovered that for a two-
dimensional electron gas (2DEG) under strong perpendicular magnetic field, the
Hall conductance is quantized at oy = n%, where oy is the Hall conductance, e and
h are electron charge and Planck constant and n is any integer. This is called the
integer quantum Hall (IQH) effect. The underlying reason for the Hall conductance
quantization is because 2DEG forms Landau levels under strong perpendicular
magnetic field [6]. All bulk states are localized and chiral edge states, which only
propagate along one direction, appear at the boundary of the sample, contributing
to the quantized Hall conductance [8,11]. The quantization is robust against
disorder and sample geometry as long as the gap between subsequent Landau
levels is maintained. The exact quantization originates from topological property
of electronic wave functions, as first shown by Thouless, Kohmoto, Nightingale
and den Nijs (TKNN) [12]. They derived a formula, known as the TKNN formula,



to show that the integer value of the Hall conductance comes from a topological
integral over the whole momentum space and is characterized by a topological
invariant, called TKNN number, or mathematically known as the Chern number.

Furthermore, it was discovered that the Hall conductance can not only be a
quantized integer in unit of €*/h, but also be a rational fractions of €?/h [13]. This
phenomenon is called fractional quantum Hall (FQH) effect. Unlike IQH effect,
FQH effect occurs when Fermi level lies within a Landau level [6]. The key ingredient
is the strong interaction that opens up a gap within a Landau level, thus giving
rise to a fraction of the Hall conductance when a fraction of the Landau level is
occupied. The theoretical description of the FQH states requires many-body origin.
Laughlin proposed a many-body wave function that explains the v = 1/3 state [14].
For higher-order FQHE, which filling factor is v = 2p/(2p £ 1) with p Einteger, Jain
proposed the picture of composite fermions, which are magnetic flux - attached
electrons [15]. The physical picture is clear that the FQH effect of electrons is
actually the IQH effect of composite fermions.

The IQH effect and FQH effect provide us the first two examples of topological
states of matter. Conventionally, the states of matters are distinguished by the
underlying symmetry of the system, as described in the theory of the second order
phase transition by Landau [16]. For example, a crystalline solid is different from
a gas because it breaks translational symmetry. However, topological states of
matter cannot be adiabatically connected to conventional states of matter, even
though they share the same symmetry as the corresponding conventional states
of matter. Thus, topological states do not fall into the paradigm of Landau
theory. Instead, to classify topological states of matters, one needs to use another
mathematical tool, namely topology, to study topological property of electronic
bands.The discovery of the IQH effect and FQH effect has opened a new era in
the research of condensed matter physics. However, for quite a long period, the
study of topological states of matter had been only limited to the IQH effect and
FQH effect of two-dimensional(2D) electron gases, both of which require external
magnetic fields. It was unclear if topological states of matter exist in other systems,
in particular without external magnetic fields.

A breakthrough of this field occurred around 2005 and a new topological state,
dubbed time reversal (TR) invariant topological insulators (TIs), was theoretically

predicted [7,17]. TR invariant TI is a new class of materials that insulates in the



interior of the bulk and possesses gapless modes at the edge/surface. Unlike IQH
and FQH effects, magnetic field is not required for the existence of TR invariant
TIs. Instead, the physical origin of TIs is strong spin-orbit coupling, which is
TR symmetric, of the system. In contrast to chiral edge modes of the IQH effect,
gapless modes of TR invariant TIs reveal helical nature, and thus are dubbed "helical
modes". The helical modes are protected by bulk topology and TR symmetry, and
thus immune to back-scattering caused by TR symmetric disorder.

The first theoretical predictions of TI were quantum spin Hall(QSH) insulators,
also known as two dimensional (2D) TIs, proposed by Bernevig et al in HgTe/CdTe
quantum wells [7] and Kane and Mele in graphene [17]. A QSH system can be
viewed as two subsystems with opposite Hall conductances. Each copy of the system
is for one spin species and thus two subsystems are related to each other by TR
symmetry. The total Hall conductance is cancelled between two spin subsystems,
but the spin Hall conductance, defined as the difference of the Hall conductance
between two spin species, is nonzero. Soon after the theoretical prediction, the
QSH effect was observed in HgTe/CdTe quantum wells [18] and later in InAs/GaSh
quantum wells [19]. The idea of TIs was also generalized to three dimensions(3D).
The surface of a 3D TIs possesses odd number of Dirac cones with a salient feature
of spin-momentum locking. 3D TTIs were experimentally observed in different classes
of materials [20-25,58].

Another striking development in this field is the experimental realization of
the so-called quantum anomalous Hall effect [59], which is the appearance of
the quantized Hall conductance without magnetic field, in magnetically doped
topological insulators. The essential difference between the QAH effect and the QH
effect is that at a zero magnetic field, there are no Landau levels and all electronic
properties can be well described by electronic band theory. In 1988, Haldane [26]
proposed the first theoretical model to realize non-zero Hall conductance at a zero
total magnetic flux in a 2D honeycomb lattice. Although the net magnetic flux
is zero in one unit cell, magnetic flux is still required for this model to break TR
symmetry. More importantly, it was unclear how to realize this model in realistic
materials at that time. Therefore, the Haldane model was overlooked for more than
two decades until recent developments in photonic [27] and cold atom systems [28].
The tunability and accessibility of these systems provide a new direction for the

realization of the Haldane model.



The next important step towards understanding the QAH effect was the theoret-
ical proposal of two-band model by Qi et al. [29], which also realized the quantized
Hall conductance in certain parameter regimes. Compared to the Haldane model,
the importance of this model lies in the fact that no magnetic flux is required for
this model and all the key ingredients for the QAH effect in this model, such as
strong SOC and exchange coupling between magnetization and electrons, exist in
realistic materials. Thus, it is more close to experimental realization. The first
realistic material system for the QAH effect was predicted by Liu [30] in Mn doped
HgTe/CdTe quantum wells. Although the experimental realization of this proposal
has still not been achieved, mainly due to the fact that this system is paramagnetic
not ferromagnetic, this work reveals the relationship between the QSH effect and
the QAH effect and sheds light on the search for other QAH systems in magnetically
doped TIs. Later, Cr doped (BiSb)sTes was predicted to be ferromagnetic [31] and
shown to possess quantized Hall resistance experimentally [59].

The discovery of TIs and the QAH effect has paved the way to a new research
paradigm for the study of different types of topological states of matter in a broader
family of materials since no magnetic field is required. In particular, the research
on TIs reveals the role of symmetry in the classification of topological states of
matter. This idea was soon generalized to other systems. Intensive research activity
is focused on the search for new topological systems and new topological phases,
including topological superconductors [32-34], topological Mott insulators [35-37],
fractional Chern insulator [38-41], topological crystalline insulators(TCIs) [42-45]
and topological photonics [46-48]. In the superconducting gap of a topological
superconductor, zero-energy states exist at the boundary of a sample, which is
similar to the Majorana fermions in high energy physics and thus dubbed "Majorana
zero mode" [32-34]. Topological Mott insulators refer to topological insulating
phases induced by the electron-electron interactions, which possess edge/surface
modes in the mobility gap of Mott insulators [35-37]. Fractional Chern insulator is
shown to have fractional values of the Hall conductance without Landau levels, and
arises in the presence of strong correlation when topological bands are partially
filled, similar to FQH effect [38-41]. Another symmetry-protected states of matter
is TCI in which surface states are protected by crystal symmetries [42,43]. TCI were
experimentally realized in SnTe and Pby_,Sn,Se, which are both protected by mirror

symmetry of the crystal. Besides topological phases in solid-state systems, nontrivial



topology has been measured in cold atom systems as well [28,49]. Moreover, T1
and QAH effect have their photonic counterpart. For example, at the edge of a
topological photonic crystal with non-zero Chern number, light can travel without
back-reflection even in the presence of disorder [46-48].

This thesis is devoted to the study of transport behaviors of topological states
of matter, focusing on topological insulators and the quantum anomalous Hall
insulators. Below, we will first introduce the necessary theoretical background of

topological states of matter.

1.2 Hall conductance

In this section, we will first introduce the topological invariant, the Chern number,
which characterizes the quantized Hall conductance in the QH and QAH systems.
The formula for Hall conductance and topological aspects of wave functions are
presented in this section. We consider linear response of the Hall conductivity
(Kubo formula) [12]

ie? OaH ) (08 H )y, — (v

where (OnH)pm = (un|gTIi|um>, |un(m)) is Bloch wave function of electronic bands,
E,(m) is the corresponding eigenenergy, m denotes the occupied bands and n
denotes the unoccupied bands. Using the identities (0n H )nm = (En— Em) (Oatin|tim)
and 32, (|tin) (Un | 4 tm) (um|) = 1. We can rewrite the Kubo formula into another

form

Oy, O m)
Ouy = ﬁz (Gt lgps) = (e ) (12

d*k
= — — 1.
h ;/ 2ne’ (13)
;where Fo5 = 0,43 — 034,
and A = i (U | O | ) -

A is called the Berry connection and F,g is the Berry curvature. Intuitively, A and
Fap can be viewed as an effective vector potential and effective magnetic field in
the momentum space. Thouless, Kohmoto, Nightingale and den Nijs (TKNN) [12]
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first derived this formula for electrons of a 2D system under magnetic fields and
periodic potentials, which can be applied to any 2D band systems. The significance
of this formula becomes more clear in the study of the intrinsic anomalous Hall
effect during the 1990s and 2000s. The topological property of this formula is
illustrated as below. If the phase of the wave function wu,, is well-defined in the first
Brillouin zone (FBZ), Stoke’s theorem can be applied to change the surface integral
[ d*kV x A into a line integral ¢ dk - A. Because of the periodic boundary condition
of the FBZ: AB = DC and BC = AD in Fig.1.2, the FBZ can be identified as
a torus, which does not have a boundary. Therefore, the integral vanishes and
gives rise to a zero Hall conductance. This discussion immediately tells us that the
non-vanishing Hall conductance appears only when the phase of the wave function
can not be uniquely defined for all the momenta in the whole FBZ. To show this

more explicitly, we will discuss a two-band model in the next section.

1.3 Two-band model and the quantum anomalous
Hall effect

In this section, we will discuss a two-band model first introduced by Qi et al. [29],
which gives rise to a quantized Hall conductance without external magnetic fields.
Following the discussion by TKNN [12], we will show that the quantized Hall
conductance is a consequence of the appearance of singularity of occupied eigenstates
in the FBZ, where the phase of the wave function is not well-defined. Moreover,
we will also demonstrate geometrical meaning of the Hall conductance using the
concept of d-vector and winding number.

The explicit form of Hgap in a square lattice model is

m A(sink, — isin k) ) (1.4)

H p—
oant ( A(sink, + isin k) —m

, where m = m, + B(2 — cos k, — cos k,) and lattice constant of square lattice is

taken to be 1. The Hamiltonian can be written in a more compact form

Hoan = Asinkyo, + Asink,o, +mo, (1.5)
= d-d (1.6)



,where d= (Asink,, Asink,,m) and o are the Pauli matrices. The eigenvalues of
the Hamiltonian are +d, where d = /d2 + d2 + d2. The corresponding eigenvectors

are

o 1 d_
uy) = NZTETA ( I ) : (1.7)

The phase of the above eigenstate is ill-defined when the energy gap, or equiv-
alently d, vanishes. We find that the gap closes at the momenta that satisfy the

following conditions:

me, = 0:(ks,ky) =(0,0)
me, = —2B:(ky,k,)=(0,7),(m0)
me, = —A4B: (k;,k,) = (m,7) (1.8)

We choose B > 0,m, < 0. Take the first condition as an example, near
k=(0,0), d~ ]mo\\/l 4 WMo BIR 94(d + d,) ~ A2k? and u_ becomes

2
mo

! :—Z The phase 6, as well as the corresponding A field, are not

well-defined at k = (0,0). To get a description for A field at k = (0,0), one can do

a gauge transformation and obtain the eigenstates

I 1 +d +d,
uy) = —Zd(di ) ( 0. ) : (1.9)

where § = tan~

u!l. At this gauge choice, u!! near

The relation between u! and v/’ is v/ = —e®
(0,0) is ~ (=1 0)T and is well-defined. To calculate the Hall conductance, we will
use Eq.(1.3). The FBZ is separated into two regions, in region I(II), the phase

of '™ is well defined everywhere. Thus, one can use the Stokes theorem in the

regime I(11) for u'"" and the Berry connection A’ and A!! of the wave functions
are related by A1 = AT + %. The line integral includes two parts (Fig.1.2)
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Because of the periodic boundary condition AB = DC' and BC = AD in Fig.1.2,
the first line integral vanishes, i.e. § dik - AT =0

2
1 -
Oy = G fcndk(A” A (1.13)
2
e
= 5 fdk; s (1.14)
2
e
= 1.1
4 (1.15)

Figure 1.2. The FBZ is separated to two regions St and Sy;. The boundary for S;
is Cr in red, for Sy is Cyy in blue. The inner boundary of St is a clockwise circle by
definition. The periodic boundary condition requires that AB = DC and BC = AD.



From this example, one can clearly see how singularity in gauge potential leads
to the quantization of Hall conductance.

For a two-band model, there is another simple way to show the geometric
meaning of the Hall conductance Eq.(1.3). The Hall conductance for a 2 x 2
Hamiltonian can be written into a linear combination of Pauli matrices Hoyy = d-a.
The coefficients are called a d-vector. It was shown that the Hall conductance can

be written in the forms of the vector d [50]

e r &’k ~ od _ od

Tay = %/ e o < o, (1.16)
, where d=d, /d. Tt gives geometrical meaning of the Hall conductance for a 2 x 2
Hamiltonian [29]. Consider the mapping for d from FBZ to a unit sphere: T2 — S2,
the integration [ d2kd - 6‘% X g—,i gives the total area of S? that d covers. The
integral equals to 47n, where n is an integer. n is also called winding number
interpreted as the number of times the d-vecor wraps around the unit sphere.
Therefore, for a 2 x 2 Hamiltonian, the Hall conductance can be determined by the
configuration of the d-vector in FBZ.

The parameter m, changes the d-vector configuration in FBZ as well as changes
the Hall conductance. When m, — 00, the d-vector does not wrap in the FBZ
and o,, = 0 according to Eq.(1.16). Numerical methods can be applied to the direct
calculation of the Hall conductance in the full FBZ. Here we adopt an alternative
way to determine Hall conductance using analytic solution and the geometric
meaning of d-vector. The idea is to calculate the change of Hall conductance across
the transition point analytically based on low-energy effective Hamiltonian. We
take the transition at m, ~ 0 as an example. The change in Hall conductance
is independent of the large-momentum contribution because in that regime m,
is negligible and d configuration does not change [51]. The integral in Eq.(1.2)
is cut off at a finite momentum. When m, & 0, the expansion near (0,0) gives

H(0,0) = Ak,0, + Akyo, + m,o, and the change of Hall conductance is

—e? A kdk A’m,
ho Jo 47 2(A2k2 + m2)3/2
—e? m,

- 1.1
2k T (L17)

Aoy, =
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This equation only gives the change in Hall conductance near the points where d,
flips signs, i.e. ogy(m, > 0) — 04y (m, < 0) = —%. The Hamiltonian for m, > 0
adiabatically connects to the Hamiltonian for m, — oo, thus o,,(m, > 0) = 0. From
the change in the Hall conductance, we obtain o,,(m, < 0) = % Similarly, when
me ~ —2B, d, flips sign at (0, £7), (£7,0). Take m,+2B = § — 0. The expansion
near these points are H (0, £7) = Ak,0, — Akyo, + do, and H(£7,0) = —Ak,0, +
Akyo, + 60,. The change in Hall conductance is 0,,(d — 0%) — 0,,(d - 07) = 2%
, in which 0,,(6 — 07) = % because it is adiabatically connected to the regime
—2B < m, < 0. Therefore, we obtain o,,(6 — 07) = _782 When m, < —4B, the
d-vector does not change sign in FBZ, the Hall conductance is zero. The d-vector
configuration and the corresponding Hall conductance as a function of m, are
summarized in Fig.1.3.

Similar to the QH effect, non-zero bulk Hall conductance also suggests the
existence of chiral edge modes for a finite sample with a boundary. This type of
chiral edge modes can also be directly shown by solving the above two-band model
in a slab geometry with an edge. It is shown that the edge state is spin polarized
and exponentially localized at the edge [34]. A schematic plot of chiral edge modes
is depicted in Fig.1.3(c). From this two-band model, one can see that the quantized

Hall conductance can indeed be realized in a band model without any Landau level.

1.4 Time-reversal symmetry and quantum spin Hall
effect

In the above, we have shown how topological properties of electronic bands can
lead to the QAH effect with quantized Hall conductance. In this section, we will
illustrate the role of symmetry in the classification of topological phases. This was
first unveiled by theoretical prediction and experimental realization of the QSH
effect [7,17,18,52,53](also known as 2D TR invariant TIs), for which topologically
non-trivial electronic band structures are protected by TR symmetry. To see this,
we consider a simple four-band model, which is two copies of the two-band QAH
model Eq.(1.4). A variation of this model was first discussed in the context of
HgTe/CdTe quantum wells by Bernevig, Hughes and Zhang, and thus also dubbed
the BHZ model [7]. The Hamiltonian is given by

11
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Figure 1.3. (a)The d-vector configuration in the FBZ(b) and the corresponding Hall
conductance as a function of m,. d,, are zero at these particular points. (O mean d. is
positive, whereas @ means d, is negative. (c)Chiral edge mode of the QAH insulator.

~( Hqan(k) 0
Hosy = ( . Hy () ) . (1.18)

The Hamiltonian contains two QAH Hamiltonians, which are related by TR sym-
metry. Each block Hamiltonian carries Hall conductance of +e?/h, respectively.
Consequently, the overall Hall conductance is zero, while the spin Hall conductance,
which is the difference between two conductances for opposite spins, is quantized.
This system gives us a simple model for a QSH insulator. To see the existence of the
edge states, the Hamiltonian is solved for a slab geometry. Each block Hamiltonian
gives rise to one chiral edge state with opposite propagating directions and spin
polarizations as depicted in Fig.1.4(a). This type of edge states are dubbed "helical

edge states' [34]. Remarkably, there is no backscattering between the two counter
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propagating edge states. In other words, the edge states are ballistic. This property
is protected by TR symmetry of the Hamiltonian. Any disorder type which obeys
TR symmetry does not ruin ballistic transmission.

The experimental realizations of the QSH states are in HgTe quantum wells [18],
and later in InAs/GaSb quantum wells [19]. Both materials have inverted band
sequence. In most semiconductors, the valence band is composed of p-orbitals and
the conduction band is s-orbitals. When there is strong spin-orbit coupling, like in
bulk HgTe, the band inversion happens at low energy, namely, the p-orbital bands
are pushed above the s-orbital band. This unusual sequence of energy bands is
called inverted band structure. For the HgTe/CdTe quantum wells, band gap and
energy dispersion depend on the well thickness. When the thickness is large, the
band remains in the inverted regime. In contrast, when the HgTe layer becomes
thinner, energy bands are shifted and the band sequence becomes normal. The
QSH effect is predicted to exist in the HgTe/CdTe quantum wells when the well
thickness is above some critical value and the corresponding band structure is in the
inverted regime. This theoretical prediction was soon confirmed by the transport
measurement by Konig et al [18]. A similar situation also occurs in the InAs/GaSb
quantum wells, in which the valence band top of the GaSb is higher than the
conduction band bottom of the InAs due to large band off-set between these two
materials. The existence of helical edge modes in this system was demonstrated by
Knez et al [19].

The confirmation of helical edge modes was mainly through transport experi-
ments. In ballistic regime, each one-dimensional channel contributes a conductance
of €2/h. For helical modes in a QSH insulator, conductance of 2¢?/h is expected.
In the measurement on a Hall bar of HgTe quantum wells, the longitudinal four-
terminal conductance was shown to be quantized at 2¢?/h in the inverted regime,
while vanishing in the normal regime [18]. In addition, nonlocal measurements help
to confirm transport current flowing through the edge in QSH insulators [53]. The
result agrees with the Landauer-biittiker formula for two counter-propagating edge
channels. In addition to its transport signature, the edge current is 'seen’ with an
imaging technique by measuring magnetic flux produced by edge currents [54] as
shown in Fig.1.4(b). The current image directly confirms spatial distribution of

conducing channels in QSH insulators.
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Figure 1.4. (a)A six-terminal Hall bar of the QSH insulator. There are two counter
propagating edge currents with opposite spin polarization. Green denotes the spin-up
current, pink denotes the spin-down current. The figure was taken from Bernevig et
al. [7]. (b)The longitudinal four-terminal resistance of normal(I) and inverted(IT,III,IV)
HgTe quantum wells. From Konig el al. [9](c) The image of edge current of a 7 bar QSH
insulator. The figure was taken from Spanton et al. [10]

1.5 Three-dimensional topological insulator

Different from the QH or QAH effect, which does not have three-dimensional (3D)
counterpart, the 2D QSH effect can be generalized to 3D, which is called the 3D
Tls [55,56]. For 3D TIs, nontrivial topology of the bulk Hamiltonian ensures
helical surface states on the 2D surface. In this section, the model Hamiltonian,
properties of surface states and experimental realization of 3D TIs are presented.

The model Hamiltonian for a 3D TI can be regarded as a generalization of 2D QSH

14



Hamiltonian(E.q.(1.18)) to the third dimension and is given by [57]

M) Ak 0 Ak

Ak, —M(k) Ak 0
H=¢,I + ! (k) A , (1.19)
0 Aok, M(k) —Ak,
Asky 0 —Ajk, —M(k)

where €, = C’+D1kg+D2(k§+k§), M(k) = mO—Blk:z—BQ(k;z—FkS), C,D, A, Ay, By, By, m,
are material-dependent parameters.

This Hamiltonian, Eq.(1.19), is an effective Hamiltonian for the BiySes family,
which are the most studied materials because the bulk insulating gap is larger
than thermal energy at room temperature [57,58]. For BiySes, the basis for the
effective Hamiltonian is |P1S 1), |P2; 1),|P1} |),|P2; |), where 1,] denotes
spin eigenstates and + are for opposite parities. By comparing this model to
the Hamiltonian (E.q.(1.18)) for the 2D QSH effect, we can see that the two
Hamiltonians share two similar features: TR symmetry and band inversion. The
Hamiltonian satisfies TH(k)T~' = H(—k) where the TR operator is given by
T =io,K, where o0, is a Pauli matrix and K is the complex conjugation operator.
Similar to the Hamiltonian (E.q.(1.18)), the band inversion occurs in a certain
parameter regime for this Hamiltonian where m, and B 2 possess the same sign.
Band ordering is inverted at k = 0, where m, term is dominant, compared with
that at large k£, where B; 5 terms dominate. The band inversion in the momentum
space characterizes the topology of this effective Hamiltonian.

In order to study surface states, one needs to solve the Hamiltonian (Eq.(1.19))
with open boundary condition, similar to the case of 2D systems. For a surface
perpendicular to the z-axis, &, k, are still good quantum numbers, but %, is replaced
with —i0,. There are two surface state solutions with opposite spin at k,, k, = 0.
By projecting the Hamailtonian onto the subspace of surface states, a effective

surface Hamiltonian [57]
Hyp = —ihwg (0,0, + 0,0,) (1.20)

is obtained, where ¢ denotes spin. H,y gives rise to a Dirac cone that the charge car-
rier behaves like a relativistic massless particle, schematically depicted in Fig.1.5(a).

Moreover, the spin is locked to the momentum, forming the helical nature of surface
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states. . The helical nature and the relativistic dispersion have been proved by
spin-resolved angle-resolved photoemission spectroscopy (ARPES) measurement
in BisSes and Bi;_,Sb, [20,58], Fig.1.5(b). ARPES measurement on the BiyTe;
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Figure 1.5. (a)The schematic figure of a single Dirac cone on the surface of 3D TI.
(b)Spin-resolved ARPES shows the helicity at a cross section of the single Dirac cone on
the surface of BiSe. The image is taken from Xia et al. [58]

surface has shown a hexagonal surface state, rather than a circular one [21].

In contrast to the QSH systems, the transport of surface states is not ballistic
in 3D TI. Even though backscattering is forbidden by TR symmetry, scattering
to other directions is allowed. Thus, the transport of surface Dirac cones will not
reveal quantized conductance. Several proposals to transport signatures of surface
states have been made, including measurement of weak localization effect [60],
in-plane anisotropic magnetoresistance [61], integer quantum Hall effect [22,24],
etc. One of the unambiguous transport evidence of topological surface state is the
anomalous Ahronov-Bohm effect of a TI nanowire [23,25], where the topological
surface states only appear when a half-integer of flux quantum threads through the
nanowire.

Unlike the 2D QSH effect, the experimental study of which is still only limited

in one or two materials, 3D TIs have been theoretically proposed in tens of
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materials [62]. The HgTe-related TT material has a similar band structure to HgTe:
inverted band structure and zero energy gap. Materials of this type include strained
HgTe [24,63], a—Sn [64], B—HgS [65], a— and —Ag,Te [66], Heusler compounds
such as LnPtBi [67] and LaPtBi [68], HgSe [69], chalcopyrite semiconductors such as
AuTIS;, [70], Cuy HgPbSey , CusCdPbSey, Ags HgPbSey, AgoCdPbSey [71,72], filled
skutterudites such as CeOsyAs)o and CeOsySbyy [73]. Another large family of TI
materials is the variation of BiySes family which are composed of elements with the
strongest atomic spin-orbit coupling. This group includes T1BiSe, family [74-79],
LaBiTe; family [80], PbBisSes family [81,82], BiyTesSe [83] and (Bi;_,Sbh, )2 Tes
[84,85], Cu,BisSes [86,87], Pd,BiyTes [88], and strained BiyTes [89]. 3D TIs also

exist in other systems and for more details, one can refer to the Ref. [62]

1.6 Magnetic topological insulators

In the section 1.3, we have shown that two-band model can possess non-zero Hall
conductance. However, it is still unclear how to realize the two-band model in
realistic materials. Instead, we have shown that the Hamiltonian for the QSH effect,
which can be viewed as two copies of the two-band Hamiltonian for the QAH effect,
has been realized in HgTe/CdTe and InAs/GaSb quantum wells. If one of the block
Hamiltonian in Eq.(1.18) becomes a normal insulator, while the other is still in
the QAH phase, the overall Hall conductance is nonzero. This can be achieved by
introducing magnetic doping, which breaks TR symmetry, into the QSH insulators.
Magnetic moments can induce the so-called exchange coupling of electron spin and
lead to spin splitting of both conduction and valence bands. This spin splitting
can drive a QSH insulator into a QAH phase. Therefore, magnetic doping in TIs
provides a practical approach to achieve the QAH state in realistic materials. For
different TIs, the forms of exchange coupling are different. Below we will introduce
the model Hamiltonian for magnetically doped HgTe/CdTe quantum wells and
magnetically doped (Bi,Sb),Te; films.

The HgTe quantum well can be described by the BHZ Hamiltonian (Eq.1.18).

With magnetic doping, the exchange coupling between electron spin and magneti-
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zation is given by the Hamiltonian [90]

g 0 0 0
0 g 0 O

2 — , 1.21

,BHZ 0 0 —g 0 ( )

00 0 —g

in the basis of |E 1), |H 1), |E |),|H ). Recall that in the previous section, we
have shown that tuning the parameter m, can effectively vary the Hall conductance
(Fig.1.3). The above exchange coupling Hamiltonian is equivalent to tuning m, but
with different amplitudes and signs for opposite spin block in the BHZ Hamiltonian.
As a consequence, it was found that the QAH phase can be realized when g.g, < 0
[30]. Indeed, early studies have shown that g. and g, possess opposite signs in
Mn-doped HgTe [91,92].

However, HgMnTe is paramagnetic and needs an external magnetic field to
polarize magnetization. The out-of-plane magnetic field can cause Landau levels and
also leads to quantized Hall conductance (conventional QH effect). This prevents
to conclusively distinguish the QAH effect from the conventional QH effect in Mn
doped HgTe quantum wells. To distinguish these two effects, other mechanisms,
such as in-plane magnetization and strain, need to be introduced. These topics are
further discussed in chapter 4.

Another widely studied magnetic topological insulator is thin film of the BiSe/Te
family with magnetic doping. The essential difference between HgMnTe quantum
wells and magnetically doped (Bi,Sb),Tes lies in different mechanisms of mag-
netism. In HgMnTe quantum wells, the super-exchange mechanism dominates,
leading to antiferromagnetic coupling between different magnetic moments, while
for magnetically doped (Bi,Sb),Tes films, the so-called Van Vleck magnetism dom-
inates. Van Vleck magnetism refers to the nonzero matrix element of the spin
operator between conduction and valence band, which can be enhanced by band
inversion. It is shown that in Fe,Cr doped (Bi,Sb)sTes , this mechanism leads to
ferromagnetism [31]. Thus, the advantage of this system is that no magnetic field
needed and the QH effect can be excluded. For (Bi,Sb);Tes thin films, when the
thickness decreases, the top and bottom surface states become hybridized. The ef-
fective Hamiltonian can be written in the hybridized basis [+ 1), |— }), [+ 1), [— 1),

where + denotes the bonding/anti-bonding of the top and bottom surface states
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=) =([tDEBD)/V2 £ L) = (Jt L) £1[b ]))/Vv/2. In this basis, the Hamiltonian
has the same form as for BHZ model. However, exchange Hamiltonian in this
system is slightly different under the above basis |+ 1),|—, ]), |+, 1), |—,1) and is
given by

g. 0 0 0
0 —g. 0 0
0 0 —g, O
0O 0 0 g

Hy pise = : (1.22)

The above exchange Hamiltonian can naturally drive the system into the QAH phase
and the first-principle calculation by Yu et al [31] has indeed shown that (Cr,Fe)
doped BiySes, BisTes, SbyTes are magnetically-ordered and exhibit quantized
Hall conductance. This theoretical prediction was first confirmed by Chang et
al’s experiments [59], in which a quantized Hall conductance and a negligible
longitudinal resistance were observed by transport measurements, as shown in
Fig.1.6. The experimental observation of the exact quantization of Hall conductance

and negligible longitudinal resistance confirm dissipationless nature of transport
for the QAH effect [93-96].

(a) (b)
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Figure 1.6. The first Hall measurement of the QAH system in Crg 15(Big.1Sbo.9)1.85Tes
film. (a) The Hall resistivity(blue) and the longitudinal resistivity(red). (b)The conduc-
tance is obtained from the resistivity through the relation 0.y = py./(p3, + p2,) and
Ove = Pae/(Pys + P2s) -The figures is taken from Ref [59).
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1.7 Overview and organization of this dissertation

The research of TTs and the QAH states, as well as other new topological states, pro-
vide a new research era of the interplay between symmetry and topological phases. It
also inspires potential applications in nano-electronics with low energy consumption.
Experimentally, the existence of boundary modes in topological phases can be ex-
plored by different experimental techniques, including ARPES [20, 21, 58|, scanning
transmission microscopy(STM) [97-99] and transport measurements [60,61, 100].
ARPES and STM measurements directly probe energy dispersions of surface states
of a TI, which agree well with theories. However, transport measurements are
complicated by disorder and additional bulk carriers. The objective of this work is
to understand transport properties of topological insulators theoretically.

In view of the broad objective stated above, our specific studies include predic-
tions of the QAH effect in magnetic T1 without orbital effect and to understand
transport signatures of 3D TI nano-structures. The organization of this dissertation
is as the following: Chapter 2 introduces the methods used for numerical calculation
of transport properties in the remaining of the thesis. Chapter 3 discusses the
origin of the magnetoconductance oscillation in TT nanowires and the localization
physics of topological surface states. The topological sates appear at half-integer
flux quanta threading through the nanowire and show a much longer localization
length than non-topological states. Our results are supported by magneto-transport
measurements in TI nanotubes. Chapter 4 and 5 discuss the realization of the QAH
effect in magnetic TI without orbital effects. The effect of in-plane magnetization
on the Hall conductance in Mn doped HgTe quantum wells is discussed in Chapter
4. The inclusion of Zeeman coupling causes a reentrant QAH conductance as the
in-plane magnetic field increases. Moreover, we present an argument about the
relationship between in-plane reflection symmetry and the QAH states. Using sym-
metry analysis, we show that the QAH effect can be realized in strained HgMnTe
quantum wells without any orbital effect. In chapter 5, the resistance of disordered
QAH system is studied when rotating magnetization. The quantization of the Hall
conductance is robust against disorder. In the end, conclusions and open problems

are given in Chapter 6.
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Chapter 2

Theoretical fundamentals for trans-
port in topological insulator nanos-
tructures

2.1 Landauer-Buttiker formalism

In this chapter, we will first briefly introduce the Landauer-Biittiker formalism,
which has been widely used for the calculation of transport properties of mesoscopic
systems [101]. This formalism simulates experimental condition of electronic
transport by connecting the device with macroscopic contacts(electron reservoirs)
via leads. Leads are ballistic conductors with M transverse modes and are assumed
to be in equilibrium with contacts. For a mesoscopic system, in which the phase
coherence is maintained and the interference effect can be neglected in the sample,
the conductance is independent of the width and the length of the sample. Landauer
found that for a mesoscopic system in a two-terminal structure, the conductance is
given by G = %M T, where T' is the average probability of an electron transmit
between the two leads. The conductance only depends the number of transverse
modes and transmission probability in the conductor. For multi-terminal structures,
Biittiker noted that there is no qualitative difference between the current and
voltage probes. He generalized Landauer’s formula to multi-probe problems by
treating the current and voltage probes on an equal footing. As shown in Fig.2.1,
we consider N leads with the current and voltage in each lead denoted as I, and V),

respectively, where p denotes the p —th lead. From the Landauer-Biittiker formula,
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the current is related to voltage by I, = >, Ge(V, — V). G is the conductance

coefficient related to the transmissions functions by

62

qu = ﬁquv (2-1)

where T}, is the transmission matrix that describes the transmission probability

from lead p to lead ¢, as depicted in Fig.2.1.

Lead 2

Lead 3

Figure 2.1. A schematic plot showing the transmission between leads.

This formula has been used to explain the transport of edge modes in the QH,
QSH and QAH systems. Here we will take a QH system with one chiral edge mode
in a four-terminal geometry (Fig.2.2) as an example. Let us assume the chiral
edge mode is counter-clockwise. The transmissions are given by Ty, = Thy = T35 =
Ti3 = 1 and other transmissions are (. Landauer-Biittiker formula gives the matrix

equation

I 1 0 -1 0 14
I 2l 0 1 0 -1||wm
2l = 2 2| (2.2)
I Rl 0o -1 1 0 Vs
I 1 0 0 1 Vi



(a)

Figure 2.2. (a) is the conductor connecting to semi-infinite leads. (b) is the conductor
adding the lead self-energy. The two are conceptually equivalent.

The matrix equation can be simplified by current conservation Iy + Iy + I3+ I, = 0.
Moreover, because the current depends on voltage differences, we can set any probe

voltage to 0. Here, we set V; = 0 and the matrix equation is simplified as

L (1 0 -1 Vi

e
L | =501 0 v . (2.3)
I 0 -1 1 Vs

The resistance matrix is defined as the inversion of conductance matrix

Riy Rz Ris 1 11
R = Rgl R22 R23 - 672 01 0 (24)
R31 R32 R33 011

To calculate the Hall resistance, we set voltage probes at terminal 3, 4 and
current probes at terminal 1,2. The Hall resistance is given by Ry = ‘/1”];1‘/4 with
Vi =0, = —I) and V5 = R31; + R32ls. Thus, Ry = R31 — R3 = 6% To
calculate the longitudinal resistance, we set voltage probes at terminal 1, 4 and
current probes at terminal 2, 3. The longitudinal resistance is given by R = Y 13V4

with ‘/4 = 0,[3 = —12 and ‘/i = R12[2 + R13]3. ThUS, RL = R12 - R13 = 0.

Landauer-Bittiker formula gives the expected values of the resistances for a system
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with chiral edge modes which are experimentally confirmed in QH systems [93-96].

The central task of transport calculations is to evaluate the transmission func-
tions T},, which can be obtained from the S-matrix. The S-matrix connects
the incoming and outgoing wave amplitudes at the different leads. Consider the

propagation between two leads, the S-matrix is

r t
(1) "

where 7 is the reflection matrix in one lead and its size is determined by the number
of modes in the lead. t is the transmission matrix across the conductor from one
lead to the other. r" and ¢’ describe the transport along the reversed direction of r
and t. Different methods can be applied to evaluate the S-matrix, depending on
the type of the problem. One useful technique is to express the S-matrix in terms

of Green’s function by the Fisher-Lee relation [101],

ih .
Snm,qp == _5nm6qp + E\/ Unqvmp Z Xn(Q’L>Gfp<Q’L7p])7 Xm(pj>7 (26)

qi5Pj

where n(m) denotes the conducting channel in lead ¢(p), ¢; denotes the transverse
lattice site in lead g, v, is the longitudinal velocity in the lead, Y, is the transverse
wave function in the lead, a is the lattice constant, Gf;;(qi,pj) is the retarded
Green’s function that gives the propagation amplitude from transverse site ¢ in
lead ¢ to transverse site j in lead p. It is a submatrix of Green’s function of the

full system.The Green’s function is defined as

GR/A . 1

= 2.
E—H+in’ (2.7)

where H is the full Hamiltonian, n is the imaginary energy, R/A refers to the
retarded/advanced solutions. They are related by G®*(q;, p;) = G4 (p;, ¢).

The transmission function can be written in a more compact form T, =
Sonm |Snmgp|? = Tr[T,GHT,G4], where T'y(q;,¢}) = X (i) ™22 * (¢)) describes the

a

coupling between the conductor and the lead. In the clean limit, an electron injected
from one terminal transport smoothly to another without any scattering. The
electron preserves its eigenstate, and thus 7},,, = d,,,,. For the system with disorder,

we need to evaluate the Green’s functions explicitly. The diagrammatic perturbation
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~! as an expansion parameter [102],

method is an analytical approach with (kyl)
where ky is the Fermi wave vector and [ is the mean free path. However, in an
extremely disordered regime or when Fermi level is low such that k;l < 1, this
method is no longer valid and numerical methods are required [102]. In this thesis,
we adopt the recursive Green’s function method which will be introduced in this
chapter.

In this study, the Hamiltonian is written in the tight-binding (TB) representation,
which is suitable for describing a lattice of a finite system. It is also easier to
introduce disorder and magnetic field in the TB representation. Numerically, to
invert the matrix to obtain the Green’s function is not computationally efficient
since the time cost for computation scales as (NW)3, where W is the number of
transverse sites of the sample and N is the length of the sample. Here we adopt a
method called the recursive Green’s function method, for which the computational
time scales as NW?3. The time reduction is because of the slicing treatment of
the full Hamiltonian in this method. The sample is cut into several slices and
connected by the hopping matrices. The Hamiltonian inversion is done slice by slice.
Thus, the matrix size involved in the inversion is W by W. The recursive Green’s
function method is efficient to compute the S-matrix for a disordered system in TB
representation.

In order to understand transport properties in TI nanostructures, we combine
the Landauer-Biittiker formalism together with the recursive Green’s function
method. This chapter is dedicated to describe the methods as the theoretical and

numerical background for the following chapter.

2.2 Recursive Green’s function method

2.2.1 Derivation of the recursive equations

This section aims in introducing recursive Green’s function method and show
that it provides a more efficient route for the calculation of the Green’s function.
This method is used to calculate scattering amplitudes of a noninteracting system
described in the TB representation. We will show the slicing scheme (Fig.2.3) of
the Hamiltonian and how to use the Dyson’s equation to obtain the left-sweep

recursive equations that give the scattering amplitude between the first and the
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—t— —t—t>
0 1 2 N-1 N N+1

Figure 2.3. The schematic slicing scheme of a free-end system.

last slice. The full Hamiltonian is written in the form

ho U 0 oo oo 0
Uy hy Uf 0
0 U, hy Uf 0
=1 7 (2.8)
A T i
0 0 0 - U hyu

where h,, n = 0---, N 4 1, is the Hamiltonian of each slice, U; is the forward

hopping from nth slice to n + 1th slice and U, is the backward hopping from nth
slice to n — 1th slice.

For clarity, we use bras and kets to express the full Hamiltonian:

H=Hy+|N+1hy o (N+1+H (2.9)

26



, where the kets |i) represent the state at the i—th slice and Hy = SN {]i)h;(i] +
|iYUp(i+ 1|+ i+ 1)U (i|} is the Hamiltonian for the first N slices. ' is the hopping
between the N-th and the N+41-th slice and is treated as the perturbing term

H = |NYU,(N + 1| + |N + 1)U(N|, (2.10)

where Uy, denotes the forward/backward hopping matrix.

The underlying concept in recursive Green’s function method is to assume that
the Green’s function of H, is known and treat the hopping between the N-th and
the N+1-th slice as a perturbation. The exact Green’s function can be obtained by

Dyson equation

GNt =G, + G,H' GN, (2.11)
N+ 1){(N+1
where G, = GV + [N+ 1IN+ | (2.12)
E—hyy
By plugging Eq. 2.10 and 2.12 into Eq. 2.11, we get
N+ 1)(N + 1]
GN+1 — <GN+ |
E—hynp
(1+ (INYUL(N + 1] + [N + DUHN]) GN*) (2.13)
The submatrix that gives the propagation from the slice 0 to N 41 is
OGN N +1) = (0|GN|N)U(N + 1|GN TN + 1), (2.14)
where
1
(N+1|GNTHN +1) = —————(1+U(N|GNN + 1))
E—hyn
B 1
E—hnp
(14 Up(N|GN|N)U(N + 1|GN TN + 1))
1
 E—hyy — U(N|GN|N)U,
(2.15)

In the above equation, the sub-matrix (N|GN*1|N + 1) is obtained by calculating
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the sub-matrix of Eq. (2.13). Eq.(2.14) and (2.15) are the two main equations used
to obtain the Green’s function. The first two steps of the iteration are presented in

the following with the initial condition of free Green’s function

1
0/G°|0) = . 2.16
01c0) = (2.16)
At the first step of the iteration, Eqs.(2.14) and (2.15) give
(OIGT) = (0IG°0)T(1|G[1) (2.17)
1
1G'1) = : 2.18
(G E — hy — Ug(0|G°|0)U, (2.18)
At the second step of the iteration , Egs.(2.14) and (2.15) give
(01G*[2) = (0IG'[1)Ts(2]G*|2) (2.19)
1
2|G*|2) = (2.20)

E — hy — Up(1|GY1)T,

We can follow this iteration to get the Green’s function at the slice V. So far,
we have introduced the left-to-right sweep Green’s function. It can be generalized
easily to the right-to-left sweep only by changing slice indices. For two-terminal
transmission functions, one sweep is enough for determination of transmission. In
some cases, for example, density of states, multi-terminal transmission, both sweeps
are needed. However, for the above calculation, the influence from the lead has
not been taken into account, which will be included as a boundary condition, as

described in the next subsection.

2.2.2 Connection to leads

In this section, we will discuss how to take into account the influence of leads.
Leads are ballistic conductors with a semi-infinite length, and consequently, the
matrix of the full Hamiltonian that includes the leads and a central conductor has
infinite dimensions. It is not possible to obtain the Green’s function by inverting
the full Hamiltonian. A method of truncating the matrix for computing the Green’s
function will be described. In this method, the effect of the semi-infinite lead

enters the Hamiltonian of the conductor through the form of self-energy. The

28



self-energy is obtained from the Green’s function of a semi-infinite lead which can
be evaluated numerically by calculating (N|G™|N) using Eq.(2.15). A convergence
test is required to ensure that N is large enough to simulate a semi-infinite lead.
Nevertheless, for the case of parabolic band dispersion in the leads, analytical
expressions for the Green’s functions of leads can be obtained. This analytical
solution will be given later in this section.

First, we consider how to truncate the matrix when there is one lead. The
retarded Green’s function of the whole system is G® = (E — H + in)~! (the
superscript R will be dropped for simplicity below). The overall Green’s function

is partitioned into submatrices and defined as follows:

-1
G, G E—Hp+1
= v T , (2.21)
GC’L Gc T f E— HC
where (E +in — Hp) represents the isolated lead, (E — H¢) represents the isolated
conductor and 7 is the coupling matrix that couples the lead and the conductor.
For one-dimensional case, 7 is a N, x N¢ matrix, of which Ny, is the length of

the lead and N¢ is the length of the conductor. When only the nearest neighbor

hopping is taken into account, the matrix 7 takes the following form

0O ... 0
r=1|: + 0|, (2.22)
t 0...0

where t describes the hopping between the lead and the conductor. By multiplying
by (E — H + in) on both sides of the Eq (2.21), one gets

(E—HL+i7])GLc+TGC = 0 (2.23)
T'Gre +(E— He)Ge = 1. (2.24)
Eq.(2.23) gives
Gre = —g"1Geo (2.25)
where g* = (E — Hp +1in)™* (2.26)
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which is the retarded Green’s function of a semi-infinite lead. By substituting
Eq.(2.25) into Eq.(2.24), we obtain

Go=(E—-H,— x5! (2.27)
vl =rtglr (2.28)

where 7 is called the self-energy of the lead and G¢ gives the propagation of
electrons between two sites inside the conductor taking into account the effect of
leads.

By introducing ¥, the infinite large matrix of the original Hamiltonian is
reduced to a finite-size matrix. The self-energy X contains the information from
the semi-infinite lead. It is added as a boundary condition of the conductor
(Fig.2.2). When there are more than one lead, it is assumed that different leads are
independent, thus the effective self-energy is the sum XF = >op 25.

Next, we will show the analytic solutions for the self-energy and the Green’s
function of the lead. If the lead is a simple normal metal with a parabolic dispersion,
the Green’s function can be computed analytically. In TB representation, the
Hamiltonian for the 1D chain is —¢ Zj(C}+1Cj + C},le) and the eigenenergy is
E = —2tcos(ka), where t = % when compared to the continuum limit a — 0. For
a 1D semi-infinite lead lying along the x-direction with the open boundary at x = 0,
the wave function in TB representation is V(z) = \/NIL sin(kz) which satisfies the
boundary condition W(0) = 0. We start with the eigenfunction expansion of the

Green’s function

SEray = 3 L EE

: 2.29
& E—€k+i7] ( )

To compute the self-energy of the lead, we only need to evaluate the Green’s
function on the interface. Thus, we will set 2/ = = in Eq.(2.29). Substitute the
wave functions into the expansion and replace the summation by the integral
Yo — %fdk’, where L = Npa and L — oo, we obtain

2ikx __ ,—2ikx

L a [>* 2—e e
Baa) = o [ dk _
g (B, z, ) 2m Jo E—e +in

B —ma /oo . 1— €2ikz
- o (kA VE +in)(k — VE —in)
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ma

— ﬂ(e%km o 1)
—9 ‘
= hTﬂZaem sin(kz), (2.30)

where VE' = v/2mE/h = k in the continuum limit. Take the continuum limit
a — 0, then we have sin(ka) — ka. E.q.(2.30) gives g* = —e¥**/t. To obtain
the surface Green’s function, we set x = a, which is the first lattice site in the
conductor. Thus, the surface Green’s function is g“(E,z = a) = —e™**/t and the
self-energy from the lead is X1 = —te?® given by E.q.(2.28) [101].

For a quasi-1D semi-infinite lead, the retarded surface Green’s function can
also be obtained by eigenfunction expansion. We assume the lead lies along the

x-direction and the transverse side is along the y-direction. The wave function is

U(z,y) = \/NTLSIH(kx)Xm(y) (2.31)

where x,,(y) is the transverse wave function. Substituting the wave functions
into the wave function expansion of the Green’s function ¢*(E,z,y,2',y) =

> km %}W and follow the same procedure as the 1D case, we obtain

X (2.32)

g“(E,x,y ,z,y) =

In this dissertation, we assume hard-wall boundary condition for the transverse direc-

tion with the edges at y = 0 and y = (N, +1)a. Thus, the transverse wave functions

are Xm(y) = ,/N 7 sin(kyy) with k, = = mins and m =1... Ny The longitudinal

E+2t cos(kya)
—2t :

The generalization to 3D systems is straightforward from Eq.(2.32). The

wave vector k is given by the dispersion relation k = 1 cos™ (
a

transverse modes include the modes along the third dimension. Thus, x,(y) is

replaced by Xma(y,2) = msin(k‘yy) sin(k,z). The longitudinal wave
E+2t cos(kya)+2t cos(k-a) )

2t
With the surface Green’s function at hand, we can turn back to the boundary

vector is k = %COS (
conditions for the recursive equations Eq.(2.14) and Eq.(2.15).

For a two-terminal device (Fig.2.4), the initial condition E.q.(2.16) is replaced
with (0|G°|0) = g~. At the rightmost slice (say, the N-th slice), the conductor is
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Figure 2.4. The schematic slicing scheme with two-terminal leads. The leftmost and
rightmost slices are dressed with the self-energy of the lead.

connected to the right lead. (F — hyy1) in Eq.(2.15) is replaced with gt~'. The
Green’s function (0|GN YN + 1) is the final result that we need for the calculation
of transmission. It gives the transmission probability from slice 0 to N + 1 taking
into account the influence of the leads. We will show an example of the calculation

of the transmission function for a two-terminal device in the next section.

2.3 Analytic solution for an one-dimensional example

To get a better understanding of the Landauer-Biittiker formula for transport
calculation, we study a simple example of the transport in a 1D chain, which can be
solved analytically. Without adding any disorder or potential barrier, the Green’s
function given by Eq.(2.28) is the same as the Green’s function of an infinite long
conductor. The 1D conductor is separated into 3 pieces, a left lead, the conductor
and a right lead. For simplicity, we consider a conductor with two lattice sites

(N = 2), in which the analytic solutions can be easily achieved. The Hamiltonian
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of the conductor with two sites is

He = ( _Ot _ot ) . (2.33)

In TB representation, the energy dispersion and the velocity of the incident particles

are

E = —2tcos(ka) (2.34)
10H 2at .
V= ﬁ% = ?Sln(k’a). (235)

The influence of the leads to transmission can be dealt with in the form of

self-energy added to the Hamiltonian H¢o

eika 0
nh=—t ) : 2.36
( 0 ezka ) ( )

The Green’s function of the whole system (including the conductor and leads)

is obtained by inversion

1
GEFE) = ———= 2.37
E + teika —t :

= , E +te*)?> — 7). 2.38

( » Emma)/“ Pofl (@)
Now we can calculate transmission probability 7' = |S;y|?. According to Fisher-
Lee relation, the scattering amplitude is Sjy = i>GTy for transmission and

Sip=—-1+ i%Gﬁ for reflection, so we have
—i2t? sin(ka) 4

S — - = ika 239

W= TE tekayz —g2] — © (2.39)

S = 0, (2.40)

where we have substituted £ = —2tcos(ka) and made the use of —2tcos(ka) +
te’*® = —te~*e  Therefore, the transmission probability is Ty = 1 and T}; =

|S11)*> = 0. This is reasonable because there is no disorder nor potential barrier in
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the wire, an electron should have perfect transmission.

2.4 Summary of the calculation

In this chapter, the Landauer-Biittiker formula and the recursive Green’s function
method for calculating the conductance in mesoscopic systems are introduced.
The important steps in the calculation for the transmission are summarized in
this section. The main parts of the calculation include input of the Hamiltonian,
iteration and the calculation of transmission.

I. Input of the Hamiltonian:

The Hamiltonian is written in the form given in E.q.(2.8) , where in clean limit,
hi = hy = --- = hy. For a two-terminal structure, hy and Ay are the slices that
connect to leads. hy = hy + X, where ¥F is the self-energy of the lead. In this
study, all leads are taken to be the same. Thus, hy.1 = hg. The self-energy of the
lead is XL (E, y,y') = t2¢*(E,y,y'), where g*(E,y,y') is given by E.q.(2.32).

II. Tteration: After the input of the sliced Hamiltonian and the self-energy,
there is enough information to calculate the Green’s function by iteration equations
E.q.(2.14) and E.q.(2.15) with the boundary conditions taking into account the
effect of lead.

ITI. Calculation of transmission: The transmission function is calculated
with the compact form T,, = Tr[[',GT',G*4], in which the Green’s functions and
the Gamma matrices are written in the site indices along the transverse directions.

The trace is over the site indices:

T = > AT )G 1 (@ PTo(0) p) Gitn 1 (pnai) - (241)

iP5 43P

hon, * hvm *
where I'y = (¢i, ;) = X0 =22 Xn(2:)X5(q;) and Tp(pl, pj) = X0 =22 xXm (P5) X0 ()
G&N 11(q;, P}) is obtained from the iteration equations in the previous step. The
advanced Green’s function is obtained by the complex conjugate of the retarded

Green’s function: GéNH(pj, ¢) = G&Nﬂ(qi,pj)*.
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Chapter 3
Transport in disordered topolog-
ical insulator nano-structures

TTs are bulk insulators with unusual gapless metallic surface states protected by TR
symmetry [52,55,103]. The topological surface states are expected to yield salient
phenomena, such as spin-momentum locking and the suppression of non-magnetic
backscattering. However, the current experimental observation of gapless surface
states mainly comes from the surface sensitive technique, such as ARPES and STM.
The signatures of topological surface states in electrical transports are complicated
by the fact that the samples often have dominating conduction from bulk channels
due to high density of carriers from the impurity states. One of the approaches
to enhance the surface contribution is to increase the surface-to-volume ratio by
reducing the sample size down to nanometer scale. Pioneering study in this direction
has been carried out in BisSes nanoribbons [23,104,105] and BiyTes nanowires [106].
Another possible strategy is to increase disorder scattering in nanoscale samples. A
sufficiently strong disorder should localize bulk conduction but may not significantly
affect topological surface states since the surface conduction is predicted to be
more robust against disorder compared to that of bulk carriers. In this chapter,
we study transport of disordered topological insulator nanostructures based on the
numerical methods discussed in the last chapter and demonstrate the robustness
of topological states.Moreover, our numerical results agree with the experimental
observation that the magneto-conductance oscillates with ¢g-periodicity in highly

disordered BisTes nanotubes.
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3.1 Theoretical study of surface states of Tl nanowires

in the clean limit

In this section, we will present the energy dispersion, wave function distribution
and magneto-conductance of TT nanowire in the clean limit. The analytical solution
will be given first for a physical understanding and then followed by numerical

results.

(a) (b)

} N { | N |

Figure 3.1. The cross section of a nanowire (a) and a nanotube (b) used in the numerical
calculation.

We first consider a topological insulator nanowire with only one closed surface,
as shown in Fig.3.1(a). The behavior of surface states of a TI nanowire can be
understood by the effective Hamiltonian of topological surface states(E.q.(1.20)).

We may start from the four band Dirac type of Hamiltonian of bulk TIs to
obtain the effective Hamiltonian of topological surface states that has been obtained
in Ref [107], also see Appendix A. The nanowire is modeled by a cylinder with
the radius R and an infinite length. When a magnetic field is applied to penetrate
into the nanowire, we need to apply Pierels substitution p — p — %ff to the
momentum. The total magnetic flux enclosed by the surface of the nanowire is
BrR?* = Ay27 R = n¢o. Thus, we can choose the vector potential as A= A¢q§ = %

and the corresponding Hamiltonian is

vy —+(i0p+m)  ike
off = o5 T RYE 3.1
11 2R ( —ike'  L(ids+n). (&-1)
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The eigenenergy for this Hatmiltonian is

[+1/2—n

E, = :|:th\//€2 + ( R )2, (3.2)

where vy is the Fermi velocity, k is the wave vector along the wire direction and
[41/2 is the angular momentum of surface electrons with [ to be an integer number
and equals to 0,+1+2....

The energy dispersion depends on the value of the magnetic flux. TR symmetry
exists in this system when 7 takes the integer or half-integer values in units of
flux quantum and will lead to double degeneracy. When 7 is an integer, the bands
are parabolic and doubly degenerate(l + 1/2 = £1/2,£3/2...). There is a gap of
2hv f%. In contrast, when 7 equals to half- integers, a pair of linear mode with
[+ 1/2 = n appears and the gap closes.

This result can be understood by Berry’s phase. When a surface electron moves
along a closed trajectory around the curved surface of a nanowire, the electron spin
equivalently rotates by 27 due to spin-momentum locking, leading to a Berry phase
7. It means that the wave function satisfies antiperiodic boundary condition along
the perimeter direction. Thus, the allowed angular momentum takes half-integer
value [ 4+ 1/2, which leads to a gap for all surface sub-bands. However, when there
is magnetic flux threading through the nanowire, the surface electron gains an
additional phase from magnetic lux. When magnetic flux takes half-integer value of
flux quanta ((n + 1/2)¢g), which gives rise to an additional phase of 7 and cancels
out the Berry phase, the gap of a pair of surface sub-bands closes again.

We applied the bulk Hamiltonian to a cuboid, for which the cross sectional
surface is a N x N square as in Fig.3.1(a). We consider the wire lying along the
x-direction, so as the magnetic field. The cross section of the nanowire is on the
yz plane. We employed the tight-binding Hamiltonian on a simple cubic lattice in
which only the nearest neighbor hopping is considered [108]. The Hamiltonian is

written as

H = H0+HSOC+H’Y (33)
Hy = (e—t> (ClsCi+CL;C))T (3.4)
00
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Hee = 1A (CL 0 — CLsCo)Ty (3.5)

1,0
H, = v (2—-C};C;— Ol 01, (3.6)
7,0
where i denotes the z,y, z direction. I'; =5, ® 0., I'y = = I ® 0y, I', = 5, ® 0,

'y =1 ® 0., where o; acts on the orbital space and s; acts on the spin degree of
freedom. a is the lattice constant, which we set to unity in the calculation. ¢ is the
hopping term between the two nearest neighbor atoms and € — 6¢ corresponds to the
mass term. A is the strength of spin-orbit coupling and taken to be 1. ~ term breaks
particle-hole symmetry. In our calculation, the parameters were chosen such that
€ =4t, t = 1. The choice of the parameter is in the regime 2t < |e¢| < 6t to realize
the strong topological insulator phase [107] and gives a maximum bulk band gap of
4t. Since ~v does not affect the topology, we set it to be zero in our calculations for
simplicity. Below, all energies are in units of ¢ and length in units of a. The magnetic
field is included through the standard Peierls substitution. To simulate the magnetic
field B applied along the wire (the x-direction), we choose the Landau gauge for
the vector potential A= (0, —Bz,0), corresponding to an additional phase factor
in the hopping term along the y-direction (tC iy+1Ciy = te(#2mz9/¢o) CT y+1Ciy).

3.1.1 Dispersion and wave function distribution

We first calculate energy dispersion and wave functions in three different magnetic
flux distributions. In the calculation, the x-direction is taken to be infinite. Due to
the translation symmetry along the x direction, we can apply the Fourier transform

to the x position in the Hamiltonian, leading to

Hy = (e—t> ( +5C +Cl ) — 2t cosk,)To (3.7)
Y,2,0 ke
Hope = 1Y (CL;Ci— CL;COTy — 2 sink,T; (3.8)
Y,2,0 ka
H, = 7> (2 Cl sCi — Cl sCHI — 1> (2 —2cosk,)I. (3.9)
Y,2,0 ko

The parameters are chosen as € = 4¢,y = 0 and ¢ is set to unity. We diagonalize
the Hamiltonian at each k, numerically and compare three different magnetic flux

distributions, (1) no magnetic flux, (2) half magnetic flux quantum at the center
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plaquette, (3)half magnetic flux quantum homogeneously distributed over the whole
cross section. In the case (1) and (2), the Hamiltonians have TR symmetry, while
in the case (3), the TR symmetry is broken. However, in the case (3), since the
surface state is mainly localized at the boundary of the nanowire, the enclosed
magnetic flux by the surface state is still approximately w. Thus, we expect TR
symmetry still approximately exists for surfaces in the case (3). In the following,
we will present the results and discussions for these three cases.

(1) No magnetic flur. The full Hamiltonian is time-reversal invariant. Fig.3.2(a)
shows parabolic dispersion. All the subbands are doubly degenerate due to TR
symmetry, and a gap opens up as a result of the Berry phase.

(2) Magnetic flux of ¢o/2 only at the center plaquette. For a nanowire with a
¢o/2 flux at the center, the Hamiltonian is still time-reversal invariant. In the TB
representation, only the hopping across the plaquettes that are below the center
one gains a phase 7, see Fig.3.3(a). Under time-reversal operation, the magnetic
flux flips sign but the hopping terms are invariant since te™ = te=**. The gap closes
because the surface modes gain an additional phase that cancels out the Berry’s
phase as discussed at the beginning of this section. Due to the TR symmetry,
gapless linear modes are doubly degenerate as shown in Fig.3.2(b). The wave
function of each mode is plotted in Fig.3.3(b) and (c), and we can see that one pair
of linear mode reside on the surface(Fig.3.3(b)), whereas the other pair is localized
at the center plaquette(Fig.3.3(c)).

(3) Magnetic flux of ¢o/2 is homogeneously distributed on the cross sectional
area. We insert a 7 flux along the whole cross section of the nanowire, and the flux
for each plaquette is 7/N?, and breaks TR symmetry. Thus, there is no Kramers’
degeneracy in this system. However, in this case, the system is still gapless with
ONE pair of linear mode, see Fig.3.4(a). The wave function plots show that the
linear modes are localized at the surface of the nanowire with sharp peaks at the
corners of the cross section (see Fig.3.4(b)). For surface wave functions, the enclosed
flux is nearly ¢¢/2 and thus, time reversal symmetry is preserved approximately.
It’s important to note that TR is an approximate symmetry only for surface states,
but not for bulk states. This approximate TR symmetry protects linear modes
from backscattering to some extent and leads to nearly quantized conductance at

this flux, which was also pointed out in Ref. [109].
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Figure 3.2. Dispersion when (a) there is no magnetic flux (b) a magnetic flux of ¢g/2
is at the center plaquette.

3.1.2 Magneto-oscillation of conductance

Next, we adopt the Landauer-Buttiker formula to study two-terminal conductance
of a long cuboid along the x-direction with the N x N square cross section under
magnetic fields. The semi-infinite metallic leads are described by the Hamiltonian
H, (Eq.3.4). The method is described in Chapter 2.

Fig.3.5 (a) shows the surface gap oscillation in terms of magnetic flux. The
gap closes at every half-integer of ¢/¢g. Accordingly, for Ey lies in the middle of
the gap, the conductance follows oscillating behavior with a period of ¢y as shown
in Fig.3.5 (b). For a large Fermi energy, other non-topological subbands will also
contribute to transport, leading to a noisy signal of conductance as given in Fig.3.6.

In the section 3.3, we will show how disorder suppresses these non topological
subbands.
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Figure 3.3. (a)Schematic plot of the hopping when the half magnetic flux quantum is
at the center plaquette. (b) and (c)The wave function of the linear modes for flux ¢¢/2
at the center plaquette at k = 0.02, £y = 0.04. The linear modes are doubly degenerate,
but the wave function distributions behave very differently. One of which is localized on
the surface of the nanowire(b), the other is localized at the center(c).
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Figure 3.4. (a) dispersion when flux = ¢y /2 is homogeneously distributed on the cross
section. The degeneracy has been lifted due to TR breaking. (b)The wave function
distribution at the flux value as (a). k=0.04 and E=0.079.
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Figure 3.6. The magneto-conductance for Ey = 0.6 in the clean limit.

3.2 Magneto-oscillation of Tl nanotube in the clean
limit
Another nanostruture studied in this thesis is TI nanotube, in which there are

two surfaces. Without magnetic flux, its energy dispersion is doubly degenerate
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due to TR symmetry and possesses a gap as a result of 7 Berry phase, Fig.3.7(a).
When magnetic flux is applied along the nanotube axis and homogeneously on
the cross section of the nanotube, the degeneracy is lifted (see Fig.3.7(d)). When
one of the surfaces encloses a half flux quantum, a pair of linear modes shows
up, as shown in Fig.3.7(b) and (c). This pair of linear modes is either on the
outer surface or the inner surface, depending on the value of the magnetic flux.
Based on our understanding of topological states on closed surfaces discussed in
the previous section, each surface contributes to a period in the oscillation of
magnetoconductance for a TI nanotube. In this section, we present wave function
distribution, the oscillation of the gaps, the magnetoconductance of TI nanotube

and the corresponding Fourier transform in the clean limit.
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Figure 3.7. The dispersions of a TI nanotube with N = 17, N;, = 6 at ¢ = 0(a),
00/2(b), 2.255¢9 corresponding to a half flux quantum enclosed by the inner surface
state(c), 3¢o(d)

The model Hamiltonian is still described by E.q.(3.3) and the geometry is as
in Fig.3.1(b). The outer width is N and the inner width is N;,. Thus, the flux
enclosed by the inner surface, denoted by ¢y, is given by ¢ x N2 /N2 where ¢ is
the total applied magnetic flux. However, we found that from the wave function
distribution, the inner surface state usually has a thickness, which is assumed to
be Ly, larger than one lattice constant, see Fig.3.8(b). To correctly estimate the

effective magnetic flux enclosed by the inner surface state, we replace N;, with
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Figure 3.8. (a)The wave function distribution of the outer edge state with eigenenergy=
0. (b)The wave function distribution of the inner edge state with eigenenergy=: 0.1. anf /
is depicted in the figure. N = 20, Ny, = 12, ¢ = ¢o/2.

N{‘;{f = Ny + Ly, and gzﬁf,’:f = ¢ X Nf{fz/NQ. In contrast, the outer surface state
is well-localized at the outermost lattice (Fig.3.8(a)). The enclosed magnetic flux
is just ¢.

Fig.3.9 shows the oscillation of the surface gaps for the nanotube with N = 50
and Nj, = 42. The gap closes when either ¢/dy or ¢!/ /¢y equals to a half-integer.
To calculate the effective magnetic flux for the inner surface, we have accounted
for the thickness of the inner surface state, which is about two lattice constants.
Thus, we obtain ¢/ = ¢ « 442/N? = 0.77¢. Fig.3.10(a) gives the conductance
for E; in the middle of the gap in the clean limit. The conductance oscillation is
complicated but shows clearly the beating feature. Thus, we perform the Fourier
transform of conductance oscillation and find two peaks with the frequency ¢, and
1.28¢y, as shown in Fig. 3.10 (b). This corresponds to the the oscillations coming
from the half flux quantum encircled by outer surface state and the inner surface
state, respectively.

We have shown in this section, a pair of gapless linear modes appears when one

of the surfaces of a TT nanotube encloses magnetic flux of half quantum and cancels
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the m Berry phase. The transmission at £y = 0 shows two oscillation periods
associated with the inner and the outer surface state. The results demonstrate the
potential of magnetic control of topological states in TT nanostructures.
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Figure 3.9. The energy gap of the surface state closes at ¢/¢g or d)fnf f /o is a half-integer
a TI nanotube with N = 50, N;,, = 42. The top x-axis is the effective flux enclosed by the
inner surface state of the nanotube. The blue(green) dashed lines indicate the positions
where ¢/ /¢o(¢/do) are half-integers.

(b)

G(e’h)
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Figure 3.10. The two-terminal conductance for a TI nanotube with N = 50, N;,, = 42
and L = 40. (a) The magneto-conductance. (b) The fast Fourier transform of the
magneto-conductance.
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3.3 Numerical simulation of conductance oscillation

in disordered T1 nanowire

In real experiments, bulk conduction and disorder are inevitable. In fact, our
experimental collaborator has found an interesting result of magnetoconductance
of nanotubes. They found that despite of low conductance, a very clear feature of
oscillations is shown. The resistivity of nanotubes is in the range 6.5 — 100m$2.cm,
which is at least one order of magnitude larger than all the existing experiments
[23,25]. This suggests that the conduction oscillation can exist in a highly disordered
and resistive topological nanostructures. Moreover, the period in unit of magnetic
flux is only related to the outer diameter of nanotube, suggesting that the inner
surface states do not contribute to oscillations.

Some quantum conductance oscillations have been studied extensively in normal
metal rings and cylinders [110]. In the clean limit, the oscillations are due to
the Aharonov-Bohm (AB) effect [111], with the oscillation period of ¢y. When
a electron wave encircles the ring perimeter in the ballistic regime, it picks up
a phase of 2w¢/¢y and interferes by itself. The enclosed phase is a periodic
function of the enclosed magnetic flux, thus gives rise to the period ¢,. While
in the diffusive limit with disorder, oscillations with a period of ¢y/2 arise from
the Altshuler-Aronov-Spivak (AAS) effect [112], resulting from the interference
between time-reversed loops of electrons. When the system becomes diffusive, in
which a carrier experiences multiple scattering events while preserves its phase
coherence length in transport, the interference between two time-reversed paths
needs to be taken into account. The phase difference between the clockwise and
the counter-clockwise paths is 2 X 2w¢/¢g. Therefore, the oscillation period is ¢g/2.
Both kinds of oscillations require the phase coherence length to be comparable to
the ring circumference.

To gain further insight into the conductance oscillation in TT nanotubes observed
in experiments, we have performed extensive numerical simulations on transports
in TT nanostructures. We consider a four band model on a simple cubic lattice for
TIs with the Hamiltonian [108] as used in the previous sections. We also add an

on-site potential whose strength is randomly distributed in the range [—W, W] to
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simulate disorder Hamiltonian
Hys =Y U, CICiI. (3.10)

To understand the behavior of surface states in extreme disorder, we consider
a nanowire, rather than a nanotube. We study a nanowire with a N x N square
cross section with N = 9 and evaluate conductance using the Landauer-Biittiker
formalism combined with the iterative Green function method as a function of flux
¢ through the cross section. We find that transport behaviors are qualitatively
different for integer and half-integer values of magnetic flux measured in units of
flux quantum ¢g = h/e. In the clean limit, there is an energy gap for integer values
of ¢y, and a gapless linear mode for half-integer values, as seen, for example, in
Fig.3.11(a). When the Fermi level is located at a position where several other
bands are occupied, the system is metallic at both integer and half integer fluxes.
However, the transport of these two cases behave dramatically different when
disorder is introduced. The conductance for ¢ = 0 is dominated by non-topological
carriers, while the conductance for any half-integer flux quantum is dominated by
topological carriers. These two types of carriers react differently to disorder in
terms of localization length, which is defined by assuming the conductance drop

exponentially as G ~ e~/

non/tor where L is the length of the nanowire and Ao /10p
is the localization length of non-topological /topological bands. Fig.3.11(c) shows
the dependence of the conductance on the length L of the system for a fixed random
disorder. It clearly demonstrates two vastly different localization lengths for these
two fluxes.

To further gain the insight of difference between topological and non-topological
carriers, we perform a calculation for the dependence of localization length as a
function of disorder strength at different magnetic flux (¢ = 0, ¢o/2 and 7¢o/2), as
shown in Fig. 3.12/ For ¢ = ¢o/2 and 7¢,/2, we find a peak value of localization
length near W = 2, for which the disorder strength is half of the gap at ¢ = 0.
For ¢ = 0, localization length monotonically decreases. At weak disorder, )\, and
Anon are similar in magnitude, and thus both bands contribute to the transports.
On the contrary, for a disorder with an intermediate strength, A\, can be several
magnitudes larger than \,,,, and thus the topological bands are dominant. When

disorder strength is extremely strong, both A,,, and A, reduce significantly and
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Figure 3.11. (a) and (b) Band dispersions for a disorder-free system are shown for ¢ =0
and ¢ = ¢o/2, respectively. The solid blue line marks the Fermi energy at E; = 0.6,
which is used for the calculations in (c) and Fig.3.17. The cross section is taken to be
9a x 9a for all calculations in this section. (c) Length dependence of the conductance is
shown for ¢ = 0 and ¢ = ¢o/2 with W = 2.8 and E; = 0.6. The solid lines are linear
fits, from which we can extract the localization lengths to be A,o, = 150a for ¢ = 0 and
Atop = 4800a for ¢ = ¢o/2.

when both of them are less than the nanotube length L, none of the carrier types
contribute to transport. Moreover, comparing the localization length at ¢o/2 and
T¢o/2, the localization length is shorter when magnetic flux increases. It implies
that at a higher magnetic field, the conductance maximum decreases. This behavior
has been found in the numerical and experimental data which will be shown in the
following discussion.

Comparing the localization length at ¢ = 0 (Ano) and ¢o/2 (Ap) with the
length of the nanowire(L), we can find three regimes of which L lies in and the
corresponding oscillation patterns. I: Ayon, Aiop > L with multiple oscillation,
II: Mo < L < Agop with AB/AAS oscillation and III: Ao, Arop < L with no
oscillations. The localization lengths depends on Fermi energy E; and disorder
strength W, and thus we identify three regimes on the phase diagram explicitly for
L =100 (Fig. 3.13(a)) as a function of E; and W. We will discuss the oscillation
pattern in each regime shown in Fig.3.13 in the following:

In regime I, the conductance shows multiple oscillations coming from both
topological and non-topological bands. Its Fourier Transform shows ¢y—periodicity
and its higher harmonics (Fig.3.13(b) and its inset). In the weak disorder limit,

surface carriers can encircle the perimeter multiple times before it leaves the
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Figure 3.12. The localization length (in nature log scale) for non-topological states(
= 0) and topological states (¢o/2 and 7¢p/2). The disorder configuration is 100.
L=800a. E; = 0.6

nanowire. The phase gained by encircling the perimeter n times is n X (2w¢/do+7),
and thus addition oscillation with the period ¢¢/n can exist. In contrast, in the
regime 11, there are well-defined oscillations as shown in Fig.3.13(c), (d) and the
insets. When F; and W are chosen in the regime II, higher harmonic oscillations
are suppressed and only AB-dominant oscillations are observed. This is because
the scattering rate increases and consequently the probability of the surface carriers
circling the perimeter more than once while maintaining phase coherence decreases.
Nonetheless, in the regime II, there is not only AB oscillation, but also AAS
oscillation when L is the same order as \,,,. Fig.3.13(d) and the inset show
evidence for AAS oscillation. However, we found that AAS oscillation is gone
and AB oscillation sets in when L becomes much longer than \,,,. Fig.3.14 gives
the evolution of the oscillation with the nanowire length L. Fig.3.14(a) and its
inset show a strong AAS oscillation for L = 100, which is the same order as
Anon- As L gets larger, AAS oscillation diminishes and AB oscillation becomes
prominent as shown in Fig.3.14(b) and (c). It suggests that AAS is mainly from the
nontopological surface states. In the regime III, the conductance is exponentially
suppressed and does not show any periodic oscillations (Fig.3.13(e) and its inset).
This corresponds to the strong disorder limit in which both types of carriers are
localized. The phase diagram predicts that for the disorder with intermediate
strength, AB oscillation dominates due to the formation of topological states when

a half-integer magnetic flux quantum is inserted. Indeed, this prediction has been
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observed in disordered Bis;Tes nanotubes. In the following section, the relevant

experimental data are presented.

3.3.1 Experimental observation of magnetoconductance in Bi; Te;

nanotubes and theoretical interpretation

Our theory was supported by the experiments from Prof. Qi Li’s group at Penn
State. The experimentalists made BiyTesz nanotubes and measured the magneto-
conductance. Two nanotubes and their oscillation patterns are reported in this
chapter. Both of the nanotubes show AB oscillations associated with the outer
diameter. Nanotube A has an outer diameter of 125 + 6 nm and wall thickness
of 13 & 3 nm. Nanotube B has similar wall thickness, but a slightly smaller outer
diameter of 95 + 6 nm. The magnetoconductance of the nanotube (with the
smooth background subtracted) is shown in Fig.3.15 and Fig. 3.16(a) for nanotube
A and B, respectively, with external magnetic field applied along the nanotube
axis. Conductance oscillations are observed with a period of 3.53 £ 0.20 kOe for
the nanotube A and 4.69 4+ 0.25 kOe for the nanotube B. The amplitude of the
oscillations decays when the magnetic field is increased, but more than 7 oscillation
periods can be resolved up to 30 kOe for both nanotubes. We emphasize that the
oscillations are observed only in these insulating samples but not in other more
conducting samples. This is similar to the regime II in the phase diagram in which
nontopological surface states are localized and transport is dominated by topological
states. The angular dependence of magnetoconductance shows that the oscillation
period depends solely on the parallel component of the applied field shown in
Fig. 3.16(b). To our knowledge, such magnetoconductance oscillations have not
been reported in any other purely insulating systems with a similar magnitude of
resistance.

By extracting the area of the inserted flux that is responsible for the oscillation
period, we can explore the origin of the observed oscillations. Here we take
the nanotube A with a period of 3.53 £ 0.20 kOe as an example. Considering
AB = ((0.5 or 1)¢g)/(mr?) where ¢y = h/e is the flux quantum, this period
corresponds to a diameter of 122 + 1.8 nm for h/e oscillations, or a diameter of
86.5 + 2.5 nm for h/2e oscillations. The images from high-resolution field emission

scanning electron microscopy on this BisTez nanotube show the outer diameter to
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Figure 3.14. The oscillation and the corresponding FFT at various nanowire length:
L=100(a), 400(b), 2000(c) with disorder strength W = 2.8 and Ey = 0.6.

be 125 + 6 nm, suggesting that the observed oscillations are consistent with the
h/e oscillations associated with the outer surface of the nanotube.

An interpretation of the main oscillations in terms of the AAS h/2e oscillations
may be ruled out because the corresponding area is much smaller than the cross-
sectional areas of either the outer or the inner surface. Besides the main oscillation
period, there are also smaller conductance peaks observed in the data. These
peaks may come from AAS oscillation of the outer surface. However, because we
cannot determine the period of the smaller peaks, we cannot determine whether

the AAS oscillation are also presence. Normal AB oscillations from bulk carriers
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Figure 3.15. Magneto-conductance oscillations of Device A (background subtracted).
Magnetic field is applied parallel to the nanotube axis (current flow direction). The
observed period is 3.53 4+ 0.20 kOe. This period is consistent with h/e oscillations
associated with the outer surface of the nanotube which has diameter of 125 4+ 6 nm.
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Figure 3.16. Magneto-conductance oscillations on Device B (background subtracted).
(a) Conductance oscillations for Device B. The oscillations show an h/e period associated
with the outer surface of the nanotube. (b) Conductance oscillations for different field
directions, plotted as a function of parallel component of applied field. Evidently, the
period depends solely on the parallel component of applied field.
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Figure 3.17. (a) The magneto-conductance oscillations as a function of magnetic flux
¢ in the regime II for W = 2.8, L = 800a and E¢ = 0.6. (b) The magneto-conductance
oscillations for a system with variations in the cross sectional area along the length of
the nanotube with I' = 0.4. The cross section is taken to be 9a x 9a for all calculations.

are also unlikely to be a cause of the observed oscillations, because the bulk is
highly resistive with a short bulk localization length ~ 10nm, which is much shorter
than the inner and outer perimeters of the nanotube. Finally, the inner diameter
is estimated to be 100 £+ 6 nm for Nanotube A and the corresponding oscillation
period is approximately 5.28 4+ 1.26 kOe. From our data, we cannot clearly resolve
oscillations with this period. It is tempting to attribute some smaller peaks in
the conductance oscillations in Fig. 3.15 and 3.16(a) to the inner surface, but the
signal is much weaker than the principal oscillations. This could be due to the
relatively larger roughness of the inner surface of the nanotubes, as expected from
the outward diffusion growth process. The detailed analysis based on the oscillation
period thus supports the origin of main peaks in conductance oscillations from the
anomalous AB oscillation from the outer surface of the nanotube.

As shown in Fig. 3.17(a), the sharp peaks for the magnetic flux ¢ = (n+1/2)¢p
indicate that only gapless topological surface modes contribute to transports in
the regime II in Fig.3.13(a). This behavior is consistent with the experimental
observation that the conductance oscillations do not appear in metallic samples,
but only in insulating samples in which non-topological states are localized and
transport is dominated by Dirac surface states. The peaks observed in experiments
are not as sharp as those in our calculations. We believe the rounding arises from
variation in the experimental sample of the cross-sectional area along the length

of the nanotube, which translates into a distribution for the enclosed magnetic
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flux. We model the fluctuations in the magnetic flux with a Lorenzian distribution
Ly(&) = %W where I', ¢ is the average magnetic flux and £ is the variable
flux. The average conductance obtained with G(¢) = f05¢’° d€L4(€)G(&)dE, with
¢ = 0.5¢y is shown in Fig. 3.17(b), and qualitatively resembles the experimental
behavior. If the variations of the cross section are sufficiently large, they can suppress
the oscillations altogether, which we believe to be the case with the oscillations
associated with the topological states at the inner surface of the nanotube. In the
regime II where the surface state dominates transport, we expect a conductance
minimum at ¢ = 0, which we have confirmed in our simulations. In the regime I,
the situation is more complex, and whether the conductance shows a minimum
or a maximum at zero field depends on parameters such as Fermi levels and
disorder strengths [113]. Experimentally, the nanotube B with a lower conductance
indeed shows a conductance minimum at ¢ = 0(Fig. 3.16a), consistent with our
expectation. In contrast, the nanotube A shows a conductance maximum (Fig.3.15),
which suggests that it lies close to the boundary between the regime I and II.
Moreover, we compared the decrease of the oscillation amplitude of the numerical
and experimental results as shown in Fig.3.18. The experimental result is without
subtracting background signal. Both data show qualitatively the same behavior:
the overall conductance and the amplitude decrease as magnetic flux increases. It is
because the localization length decreases at higher magnetic flux (Fig.3.12), leading
to the reduction of maximum conductance at half-integer flux quanta (Fig.3.17(a))

and the reduction of overall conductance of the averaged conductance.

3.4 Conclusions

In summary, the robustness of surface states of TI nanostructures inserted with
magnetic flux are studied numerically. Topological surface states arise at magnetic
flux of half-integer in unit of magnetic flux quantum. The conductances at these
values of magnetic flux prevail over disorder. Nontopological states are shown to
have shorter localization length in the regimes of intermediate disorder strength
and thus easier to be localized by disorder when the sample size is larger than their
localization length. Moreover, our experiment collaborators have studied BisTes
nanotubes with sufficiently strong disorder that freezes out bulk conduction. The

observed quantum oscillations in magnetoconductances with a period ¢, that can be
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Figure 3.18. Comparison between numerical and experimental magnetoconductance
without subtracting the background. For numerical calculation, the parameters are
W =28,E; =0.6,I' =0.8.

attributed to the outer surface states. The numerical results verify a fundamental
aspect of the three-dimensional topological insulators, namely that the surface
states are robust against strong disorder, which is supported by magneto-transport

measurement in TI nanotubes.
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Chapter 4

Quantum anomalous Hall effect
in Mn doped HgTe quantum
wells

The QAH effect has been the long-sought-after family member of the quantized
Hall family, in which QH and QSH effects has been experimentally verified in
1980 [5] and 2007 [18], respectively. Only until recently that the QAH effect has
been realized in magnetic doped TIs [59] . The theoretical predictions, which was
followed by experimental realization, of the quantized Hall conductance induced
by the exchange coupling between magnetic moments and electron spins [50]
opened the door to the realization of this effect in magnetic materials. Among
several proposals [31,114-116], Mn doped HgTe quantum wells [30] was one of
the earliest proposals for realizing the QAH effect. However, this material is
paramagnetic and an out-of-plane magnetic field is needed to induce magnetization.
Topologically, the QAH state can be adiabatically connected to the QH state, so it
is not easy to distinguish them when the out-of-plane magnetic field coexists with
the magnetization. This study aims in proposing experimentally feasible approaches
for observation of the QAH effect without the coexistence of QH effect in HgMnTe
quantum wells. In this chapter, detailed theoretical studies and proposed experiment

setup are reported. The remainder of the chapter follows closely Ref. [117] and [118].
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4.1 Model Hamiltonian for Hg,Mn;_, Te quantum wells

In this section, we first introduce our model Hamiltonian for the Mn-doped HgTe
quantum wells. The effective Hamiltonian is written in the basis of | E1+4), |H1+), |E1—), |H1-),
with E1 and H1 denote electron and heavy hole sub-bands and + for opposite spin

states. The form of the effective Hamiltonian is given by [52]

HZE(k)+HBHz+Hm (41)
e(k) = C — Dk,

where Hppz is given by the continuum limit of E.q. (1.18) and €(k) is introduced to
break the particle-hole symmetry, while preserving the topology of the Hamiltonian.
We denote the growth direction as the z-direction and the quantum well plane
as xy plane. The parameters m, B, A, C, D in the Hamiltonian depend on the
material details and can be found in Ref. [119,120]. H,, describes the spin splitting

of electron and hole sub-bands and its form is given by
H,, =g 07+ 8207, (4.2)

, where g1 = 1(g. + &) and g» = 3(g. — ). Here the vectors g, (g) couples
to electron (hole) spin and describe spin splitting for the E1 (H1) sub-bands for
magnetic fields along different directions. There are two types of contribution for
spin splitting, one from Zeeman coupling of magnetic fields and the other from

exchange coupling to Mn doping, so the form of spin splitting is given by [30,91]

Ge(h)i = 95?};&)@81 + g:flf)w L= T,y z. (43)

The first term gives the Zeeman coupling with g-factor g7;); and magnetic field B;

, while the second term describes exchange coupling to Mn doping, given by

Gelnyi = Jemyi{S)i, i=1z,y,2 (4.4)
N S9mnitB

S) = — B _— 4.

< > éS 5/2 <2kB(T+T0)> ) ( 5)
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where ge(n; is the coupling constant between electron (hole) band and Mn spin S.
Eq.(4.5) is the mean field approximation of Mn magnetization and é denotes the
direction of magnetic field, Sy = 5/2 is the Mn spin, gpp, = 2 is the g-factor of Mn
, Ty =~ 2.6 K is to rescale the temperature to take into account antiferromagnetic
interaction between Mn ions [121] and Bs/, is the Brillouin function. In spin
splitting (E.q.(4.3)), Zeeman terms depends linearly on magnetic fields while
exchange coupling has a complicated non-linear dependence. Due to the quantum
wells configuration, the g-factors g7, and gy, for spin splitting are assumed
to be isotropic in the xy plane, but different for the z direction. Without loss of
generality, we only consider the x direction for in-plane magnetic fields below. The
parameters of the Hamiltonian (E.q.(4.2)) can be found in Ref. [30,119]. In the
realistic systems, in-plane spin splitting for heavy hole sub-bands depends on the
cubic order of magnetic field B and magnetic moments S [118], which is neglected
in the following (Gne = Gny = g’ = iy = 0).

The QAH effect in HgMnTe quantum wells with only z-direction magnetization
has been investigated in Ref. [30]. For zero in-plane magnetic field, it has been shown
that the QAH phase can be realized in the regime g..gn. < 0 and |go,| > |m|, while
it is a normal insulator when |go.| < |m| (g1, does not change the topology because
it only shifts the band edge, but does not cause band inversion). Since the quantized
Hall conductance can only be changed when the bulk band gap is closed, two phases
will share the same Hall conductance if they can be adiabatically connected without
closing band gap. Therefore, one can identify the Hall conductance in a finite
in-plane magnetic field by adiabatically connecting to the regime with zero in-plane
magnetic field.

To understand the normal-QAH transition in the presence of in-plane magne-
tization, we first consider the case with either gy = 0 or go = 0, in which the
Hamiltonian can be solved analytically. In both cases, the results are qualitatively
the same. Here, we show the result of g; = 0. After diagonalization, the dispersion

is

By = 5\/ AR + M2 + g2 + 12,/2A%k2g3, + M2g? (4.6)

where 5,t = £, k* = k7 4+ k7, and g* = g3, + g3, is the strength of spin splitting. The
energy gap is given by £, — E__ = 2\/A2k2 + M? + g% — 2\/2A2k§g§x + M?2g2,
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which vanishes under the condition
[A%K? + M? — ¢°]? + 4A%g5 K + 4A%g3 k2 = 0. (4.7)

This equation can be simplified as g> = m? or g5, = A? + (m — Bk?)? > m?
at go. = 0. The gap-closing lines in terms of go, and gs, are shown in Fig.4.1,
separating three insulating phases. When |g| > |m| and go, # 0, the system
always stays in the QAH phase, regardless of the magnetization direction. The
Hall conductances for positive and negative B, have opposite signs [30], which
are separated by the metallic lines along go. = 0 and |g| > |m|. In the following
sections, we will present the phase diagrams with more realistic parameters in

different conditions.

_2 +
X5 4 0 1 2 3
Ox/M

Figure 4.1. The phase diagram obtained from analytical calculation where g., = £gp..

4.2 The effect of exchange coupling

We first neglect the Zeeman coupling and study the behavior of the system when
only exchange coupling is taken into account. Without Zeeman coupling, the spin
splitting is determined by Mn magnetization, which will saturate after magnetic

field achieves a certain value, as shown in Eq.4.5 and Fig.4.3(c). Because spin-

60



splitting saturates and the coupling constants are anisotropic, there exists a critical
angle beyond which the QAH state no longer exists. Following the derivation of
the gap-closing condition in the previous section, we first analytically solve for the
critical angle with g; = 0. The spin-splitting is g* = g3, + g3, with go, and g,
given by E.qs.(4.3) - (4.5)

1
92; = 5(9?0 - giffc)

where §o; = 5(Jei — Gni). The x(z)- components of Mn magnetization is (S),.) =
—(S)sinf(cosf) , where 6 is defined as between magnetization and z-axis as
depicted in Fig.4.2 and (S) is given by E.q.(4.5). When magnetization saturates,
(S) reaches its maximum value, Sy. Thus, the saturated spin-splitting is ¢> =
(G2 S0 c0s 0.) + (Gor S sin 6,.)2. From the analytical solution in the previous section,

2. Thus, the critical angle is determined by

the gap-closing condition is ¢ = m
m? = (§2.S50c080.)% + (2250 sin 6.)2. Tt suggests that if |2, < |m|, 0. never

reaches 7/2 and an out-of-plane magnetization is necessary to achieve the transition.

z

Figure 4.2. 0 is defined as the angle between magnetic field and z-axis.

For more realistic parameters, we perform a numerical calculation of energy
gap as a function of B, and B., from which one can determine phase diagram, as
shown in Fig. 4.3 (a), by the adiabatic continuity argument. Here the dependence
of magnetization on magnetic field is determined by Eq. (4.5). We choose e, =
1meV, gn. = 0 (all the other parameters are given in the caption), such that the
maximum in-plane exchange coupling for the electron subband g., Sy is smaller than
|m|. We find that with increasing B,, the critical z-direction magnetic field keeps
increasing. Fig. 4.3(b) is the phase diagram in terms of the spin splitting. Along
gex = 0, the gap closes at |go.| = |m| which agrees with the previous study [30].
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The maximum in-plane spin splitting for electron is |G, So| = 0.8m, which is smaller
than m. According to the analytic discussion in the previous paragraph, gap does
not close when there is only in-plane spin splitting in this case. The critical angle
of the magnetic field is given in Fig.4.3(d), it reaches 0.447 after the magnetization

saturates for the current parameters.
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Figure 4.3. The phase diagram at 1K for the Hamiltonian without Zeeman coupling.
(a) Phase diagram in terms of the magnetic field. (b) Phase diagram in terms of the
strength of spin splitting. The y-axis is only g2, because only this term contributes to
gap closing. (c)Magnetization of the Mn atoms under the same range of magnetic fields
in (a). It saturates at 2.5. (d) The critical angle of magnetic field for metallic lines.
The parameters used for are ge, = —1meV, gne = 0, Ge. = —3meV, gp, = ImeV, A =
0.38¢V/nm, B = 0.85¢V/nm?, D = 0.67eV/nm?,m = 3meV.
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Next, we compare the phase boundary for different values of g., as shown in
Fig.4.4(a). The spin-splitting for hole band g, is taken to be zero. The critical
B, increases faster for smaller g.,. The critical angle of the magnetic field for each

value of g, is given in Fig.4.4(b).

T T T '9 0-5
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5 L i 13 0.2
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By(T)

Figure 4.4. (a)The phase boundary for different values of ge, at T=4.2K. From top to
bottom, the values are —1, —2, —2.5, —3meV. (b) Critical angle of magnetic field of the
phase boundary for different values of g, at T=4.2K. The values are given in the legend
with the unit of meV . The right vertical axis gives the critical angle in degrees. For both
(a) and (b), the parameters are gp, = 0, e = —3meV, gn, = 3meV, A = 0.38¢V/nm, B =
0.85eV/nm?, D = 0.67eV/nm?, m = 4.5meV.

From the phase diagram based on the numerical calculation, we conclude
that when the in-plane spin splitting for the hole band and Zeeman coupling are
negligible, the magnetic field reaches a critical angle less than /2 for gap-closing.
The critical angle depends on the in-plane g-factor for electron band and becomes
larger when g., gets larger. All these predictions can be examined experimentally

in Mn doped HgTe quantum wells with rotating magnetic fields.

4.3 The interplay between exchange coupling and Zee-

man coupling: the reentrant QAH effect

The above section has neglected Zeeman coupling (gj(",”;) = 0), and obtained a critical
magnetic field beyond which no quantized Hall conductance will be observed. In this

section, we will investigate how Zeeman coupling change this picture. In particular,
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we predict a reentrant behavior of the QAH effect due to the competition between
Zeeman coupling and exchange coupling.

Similar to what we did in the last section, we also plot the energy gap for the
Hamiltonian (4.1) in Fig. 4.5(c) for B, and B, with the realistic parameters taken
from Ref. [119] for HgMnTe quantum wells. The phase diagram is separated into
three insulating regimes by metallic lines, as depicted by the black lines in Fig.
4.5(c). For B, = 0, the Hall conductance is known [30] to be :I:% when |B,| is
larger than a critical value |B,.| and zero when |B,| < B,.. Therefore, the Hall
conductance of each insulating regime can be identified by adiabatic connection,
as shown in Fig.4.5(c). We find that with increasing B,, the critical z-direction
magnetic field, as depicted by the metallic lines, first increases and then drops
down to zero. For a fixed small B, (the line B, = 0.27 in Fig.4.5(c)), the system is
driven from a normal insulator to a QAH insulator with Hall conductance —e?/h
by increasing B,. More interestingly, when B, = 0.67", the Hall conductance o,
undergoes the transitions from —e?/h to 0 to —e?/h, showing a reentrant behavior
for the QAH effect. This behavior is merely due to Zeeman coupling and exchange
coupling rather than orbital effect since Landau levels are not considered in this
calculation. In the following, we will discuss the physical picture of reentrant
behavior of the QAH effect due to in-plane magnetic fields.

The analytic model in the section 4.1 suggests that the key factor for the normal
insulator-QAH insulator transition is the strength of spin splitting |g|, instead of
the direction of magnetic fields or magnetization. The magnetization direction does
not have to be out-of-plane for the QAH effect to arise. For B, = 0.2T', the spin
splitting induced by z-direction magnetic field is not strong enough to induce the
QAH state. With increasing the in-plane magnetic field, the total spin splitting
is significantly enhanced, leading to the transition from the normal insulator to
the QAH insulator at B, = 9.57, which is consistent with the above analytical
solution. The reentrant behavior at B, = 0.67 results from the competition between
the exchange coupling of magnetic moments and the direct Zeeman coupling of
magnetic fields. For a small in-plane magnetic field B,, the exchange coupling
is much stronger than the direct Zeeman coupling. So the spin splitting g is
dominated by the exchang term ggf}) and the direct Zeeman coupling part can
be neglected. From the Kane model calculation, it turns out that the coupling

constant of exchange coupling is strongly anisotropic [119,120], and the z-direction
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Figure 4.5. (a)The effective spin splitting as a function of B, at a fixed B,=0.6T.
(b) The schematic plot of the Hall conductance in the unit of €2/h as a function of
the B, for the indicated B,=0.6T . (c¢)The phase diagram at 1K. The diagram is on a
logarithmic scale to enhance the contrast. The black lines indicate the phase boundaries
of different topologies. (d)The schematic plot of the Hall conductance in the unit of
e?/h as a function of the B, for the indicated B,=0.2T. The parameters used for Fig.
(a) and (c) are gey = —0.84meV, g2 = —0.8meV/T, ghy = 0, Gez = —2.13meV, g?I" =
1.5meV/T, gn, = ImeV, gi™ = —0.08meV/T, A = 0.38¢V/nm, B = 0.85¢V/nm? D =
0.67eV/nm?, m = 3meV.

coupling is much stronger than the in-plane coupling. Consequently, when magnetic
moments of Mn atoms are tilted into the x-direction due to the increase of B,., spin
splitting is reduced significantly, leading to the transition from the QAH phase to
the normal insulating phase. With further increasing in-plane magnetic field, the
direct Zeeman term, which grows linearly with B,, is eventually dominant over

the exchange term, which saturates at high magnetic fields. Thus, the system is
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driven back to the QAH phase. To verify this physical picture, we plot the spin
splitting of E1 and H1 sub-bands as a function of B, in Fig.4.5(a). The green and
blue curves show the rapid reduction of the z-direction spin splitting of E1 and H1
sub-bands respectively, as B, increases. As a result, it leads to the transition from
a QAH state to a normal insulating state at B, ~ 2.3T. The red curve shows the
growth of x-direction spin splitting and it eventually leads to the transition from
normal insulating to QAH phase at B, = 7T. We would like to emphasize that the
reentrant behavior is unique for the HgTe quantum wells with Mn doping. Without
Mn doping, there is no exchange coupling to magnetic moments and consequently,
we only find the transition from the normal insulator to the QH insulator regime,

which is shown in Fig 4.6.
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Figure 4.6. The phase diagram at 1K for the Hamiltonian without the exchange
coupling. The diagram is on a logarithmic scale to enhance the contrast. The black lines
indicate the phase boundaries of different topologies. The parameters used are Je, =
0meV, gz* = —0.8meV/T, ghy = 0,Ge. = OmeV, gzl = 1.5meV/T, gn, = OmeV, gi"" =
—0.08meV/T, A = 0.38¢V/nm, B = 0.85¢V/nm?, D = 0.67eV/nm?, m = 3meV .

For all the calculations above, the g-factors were estimated from Kane model
calculation, which, to the best of our knowledge, have never been carefully identified
in experiments. The anisotropy of the hole g-factor has been shown experimentally
in p-type bulk HgMnTe [122], which is consistent with parameters estimated from
the Kane model. The qualitative picture of the reentrant behavior is independent
of the parameter details.

In the above, we show the phase diagram of the QAH effect with both the
in-plane and out-of-plane magnetic fields and find a novel reentrant behavior due to

the combination of the exchange coupling and the direct Zeeman coupling. However,
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due to the non-zero B., the formation of Landau level is inevitable. Therefore, it
is natural to examine whether the reentrant behavior still exists after taking into
account the orbital effect of Landau levels. Landau levels can be calculated by
taking into account the orbital effect of magnetic fields in the model Hamiltonian
(4.1) with the standard Peierls substitution [91,123], which is described in details
in the appendix B. The Landau level fan chart is plotted in Fig. 4.7, with the
Fermi level set at 0.3 meV (the blue line). Fig. 4.7 (a) shows the Landau levels
without B,, while Fig. 4.7 (b) and (¢) show how the Landau level evolves with B,
at B, = 0.27 and B, = 0.6T, respectively. In Fig. 4.7 (b), the system stays in the
normal insulating regime for zero B,, and is driven to the regime with —e?/h with
increasing B, similar to the line B, = 0.27 in Fig.4.5(c). For B, = 0.6T, before

_e2
“ho
electron zero mode twice and the Hall conductance undergoes the transitions from
—e?/h to 0 to —e?/h as increasing B,. Fig. 4.7 demonstrates the stability of the

phase diagram given in Fig. 4.5 in the presence of Landau levels and the underlying

turning on B,, the Hall conductance is 0,, = The Fermi level crosses the

reason for the reentrant behavior is the change of spin splitting, rather than the
orbital effect.

In conclusion, we have shown that the in-plane magnetic field can induce the
QAH effect in HgMnTe quantum wells. A reentrant QAH effect is predicted as
a result of the interplay between the exchange coupling and the direct Zeeman
coupling. In addition, the reentrant behavior is stable in the presence of Landau
levels. Although the reentrant QAH effect has not been observed in the current
experiment due to the negligible in-plane g factor for Zeeman coupling, it might be
observed for an even larger magnetic field or in other materials such as InAs/GaSh
QWs.
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Figure 4.7. Landau Level fan chart. The parameters are the same as in Fig.4.5.
The blue line indicate the Fermi level at 0.3meV. (a)Landau level fan chart without
in-plane magnetization. (b)Landau level at B, = 0.27" in terms of in-plane magnetic field.
(c)Landau level at B, = 0.67 in terms of in-plane magnetic field. The inset zooms in
near Fermi level and shows the reentrant behavior.

4.4 Hg,.Mn,_,Te quantum wells with shear strains

It is shown in the previous section that the conditions for the QAH phase are
lg| > |m| and a nonzero g,.. To exclude the orbital effect completely, we would like to
further study the conditions for QAH phase without the out-of-plane magnetization.
We start from a general symmetry analysis of the necessary conditions for the
appearance of non-zero Hall conductance. First, the Hall conductance must be
zero in a TR invariant system, so a magnetic field or magnetization is required.
Besides TR symmetry, the 2D point group (PG) symmetry gives an additional
constraint for the Hall conductance, as first shown by Fang [124]. The 2D PGs
consist of two families, the n-fold rotation symmetry ), and the n-fold dihedral
symmetry D,, [125]. The dihedral group D,, in 2D PGs is generated by the rotation



C, and the reflection M. Here we emphasize that reflection M in 2D PGs always
corresponds to the reflection in three dimensional (3D) PGs with the reflection plane
perpendicular to the 2D plane. The reflection in 2D PGs plays the role of inversion
in 3D and distinguishes the pseudo-scalar (pseudo-vector) from the scalar (vector).
The Hall conductance is zero if the 2D system has any reflection symmetry M. For
example, let’s consider a system with the reflection symmetry M, (z — —z,y — y)
in the 2D plane, denoted as xy plane. For the Hall response j, = 0., F,, under M,
the current j, changes its sign (j, — —j,) while the electric field £, keeps its sign,
so the Hall response equation is changed to j, = —o,,E,. If the system is invariant
under M., the response equation should also be invariant under M,,, constraining
the Hall conductance o, to be zero. Similar arguments can be applied to any 2D
reflection symmetry. The out-of-plane magnetization is a pseudo-scalar in the 2D
PGs, breaking any reflection symmetry M. In contrast, the in-plane magnetization,
denoted as m, is a pseudo-vector, and there is still a surviving reflection symmetry
M, with the reflection plane perpendicular to m, thus the in-plane magnetization
by itself can not induce a non-zero Hall conductance and it is necessary to introduce
other mechanisms to break the remaining reflection symmetry M,,. The symmetry
analysis gives us a guidance to search for the non-zero Hall conductance with
in-plane magnetization and in below, we will present in HgMnTe quantum well ;not
only the non-zero Hall conductance, but also the QAH effect can be realized with
in-plane magnetization.

The effective model for Mn doped HgTe quantum wells is described by the (BHZ)
Hamiltonian, Eq.(4.1), with spin-splitting, E.q.(4.2). The BHZ Hamiltonian has the
D, symmetry, so any plane perpendicular to the xy plane can serve as the reflection
plane. The in-plane magnetization m preserves the reflection symmetry M,,, so
the Hall conductance is zero for the BHZ model with the in-plane magnetization.

To obtain a non-zero Hall conductance, we need to break the remaining reflection
symmetry, which can be achieved by introducing a new term due to the shear

strains €., and ¢,,, written as
Hy, = F ey, (koor + kyoy) + €y (kooy — kyor)] Ta, (4.9)

with the parameter F. This form of the Hamiltonian can be derived from the six-

band Kane model [126,127], as described in details in the appendix. Experimentally,
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Figure 4.8. In-plane magnetization induced QAH effect in HgMnTe quantum wells. (a)
The band gap as a function of gy, and €,, with a finite g1, = 8 meV. (b) The band
gap as a function of €,, and €,. with g1, = 4 meV, go, = 3 meV. (c) Schematic plot
of the experimental setup. The angle between the strain vector € (green arrow) and
the magnetization vector m (red arrow) is denoted as . The green plane denotes the
reflection plane preserved by the strain vector € while the red plane denotes the reflection
plane preserved by the magnetization vector m. (d) The band gap as a function of g,
and €, with go, = 0. The other parameters are taken as M = —3 meV, B = 0.85 eV-nm?,
D =0.67 eV-nm?, A = 0.38 eV-nm, 912y = 912 = 0, and €, = 0.

the shear strain appears in the HgTe-HgCdTe superlattices grown on CdZnTe
substrate along an asymmetric direction, such as (112) direction [128-130]. €,
(€y.) term breaks the x-direction reflection M, = io,7, (the y-direction reflection
M, = io,7,) and preserves M, (M,). Fig.4.8 a shows the band gap for the
Hamiltonian Hgyy + H,, + Hg, as a function of €., and go, with a finite in-plane

magnetization g;,. When €,, = 0, the Hall conductance is +% (—%) for positive
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(negative) gs,, as obtained in Ref. [90]. The system is metallic for g,, = 0, separating
the two QAH phases with opposite Hall conductances. With a finite €,,, we find
the gapless line derives away from the line of g5, = 0 and the regime with positive
(negative) €., and gy, = 0 is adiabatically connected to the regime with positive
(negative) g, which indicates that the Hall conductance for a postive (negative) €,
is —I—% (—%), as shown in Fig. 3a. In Fig.4.8 b, the band gap is plotted as a function
of €. and ¢,, with a finite g;,, and a gapless line along €., = 0 separates two QAH
phases with the Hall conductance j:%. The Hall conductance vanishes along the
gapless line, because both the shear strain €,, and the in-plane magentization g;(2),
preserves the reflection M,. More generally, the Hall cnductance is always zero
when two vectors, the shear strain € = (,., €,,) and the in-plane magnetization m,
are perpendicular to each other. We emphasize that the shear strain ¢;; is a tensor
in 3D PGs, but we can treat € as a vector in 2D PGs. According to Fig.4.8 b, we
can consider the experimental configuration for the magnetization and shear strain
for the HgMnTe quantum wells, as shown in Fig.4.8 c. When the angle ¢ between
the strain vector € and the magnetization vector m is rotated across 7 or 37”, the
Hall conductance switches between i% of the two insulating phases. In Fig.4.8 d,
we verify the stability of the QAH phases for different values of g; and the QAH
phase always exists when the in-plane magnetization is large enough.

Finally, we would like to emphasize the breaking of reflection symmetry is essen-
tial for the in-plane magnetization induced QAH effect. Generally, the pseudo-scalar,
such as the out-of-plane magnetization, can break all the reflection symmetries in
2D PGs. Therefore, one should also construct a pseudo-scalar with the in-plane
magnetization. For example, a pseudo-scalar, the dot product of a vector and a
pseudo-vector € - m, can be defined to characterize the Hall conductance in the
HgMnTe quantum wells with shear strains. As shown in Fig. 4.8d, the sign of the
Hall conductance is determined by the sign of the product of €., and g;,. We expect

this strategy can also be applied to search for the QAH phase in other systems.

4.5 Experimental relevance and conclusions

Recently, experiments done by Molenkamp’s group on the QAH effect in Hg, Mn;_,Te
quantum wells found that the QAH-normal phase boundary never falls on the

B, = 0 line irrespective of the magnitude of B,. The magnetic field reaches a
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critical angle at the phase boundary. This result suggests that the in-plane spin
splitting is insignificant such that the in-plane splitting never overcomes the insu-
lating gap. Moreover, the result also implies that Zeeman coupling is negligible
because the value of spin splitting is limited. From the discussion in the section
4.2, we numerically determined the QAH-normal phase transition by the adiabatic
continuity argument and found a critical angle, which is similar to these experi-
ments. Without Zeeman coupling, the phase boundary lies at a critical angle of
magnetic field after the exchange coupling saturates. The critical angle is less than
7 /2 because the in-plane exchange coupling is much weaker than the out-of-plane
exchange coupling. Our predictions provide the possibility to extract the strength
of in-plane and out-of-plane exchange coupling strength by quantitatively fitting
to the experiments. The relevant collaboration with Prof. Molenkamp’s group
about this experiment is still on progress. With Zeeman coupling, we found a
reentrant QAH effect as a result of the interplay between the exchange coupling and
Zeeman coupling. The reentrant behavior is unique to Mn-doped HgTe quantum
well, not pure HgTe quantum well. In addition, the reentrant behavior is stable
in the presence of Landau levels, so it is feasible under the present experimental
condition to verify this effect in magnetic QSH insulators.

With shear strain, we propose the experiments with rotating in-plane magnetic
fields, as shown in Fig.4.8(c), to confirm the predicted effect. Since no out-of-plane
magnetization is required, the orbital effect from Landau levels of magnetic fields
can be excluded completely. Therefore, the proposed setups can provide a clear
experimental signal to distinguish the orbital effect of magnetic fields from the

exchange effect of magnetic ions.
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Chapter 5
Disordered Quantum anomalous
Hall insulators

We have discussed how to realize the QAH effect and distinguish it from the
conventional QH effect in Mn doped HgTe quantum wells. The Hall conductance is
determined by adiabatic connection in the clean limit in the previous discussion.
In this chapter, we present direct calculations of the conductance for a disordered
QAH system within the Landauer-Biittiker formalism. Recently, the QAH effect
has been observed in Cr or V doped (Bi,Sb)sTes films by [59,93-96]. Therefore, in
this chapter we focus on the disorder effect in this system due to its experimental
relevance. An effective model taking into account two surface states is adopted to
describe this system. We calculate the two-terminal conductance for this system in
the periodic or open boundary condition, as well as anisotropy in magneto-resistance
in the presence of a rotating magnetization. The robustness of chiral edge modes

against disorder is examined in our numerical calculations.

5.1 Model Hamiltonian

Bi or Sb based chalcogenides have been demonstrated to be a 3D TI with a single
Dirac cone on each surface. For thin film geometry, the low energy physics is
dominated by two surface states from the top and bottom surfaces. Two surface
states become hybridized and lead to a gap opening when the thickness reduces.
Once the ferromagnetic order is introduced into the thin film and breaks TR

symmetry, the QAH effect can be realized in a certain parameter regime, as shown
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by Yu. et al [31]. The effective model Hamiltonian for this system reads [31]

0 wk_  my 0

—ivk 0 0
H, = o i (5.1)
mp 0 0 —ivk_
0 my 1wk, 0
= MpTab, — vk Fby + vk, by (5.2)

with the basis of |t 1),[t |),[b 1),]b 1), where t,b denote the top and bottom
surfaces, and 71, | refer to spin up and down states. my; describes the tunneling
between the top and bottom layers and can be expanded to the second order as
my = m — B(k} + k). my vanishes when the film is thick enough to prevent
hybridization between the two layers. In the second line, 7 acts on the orbital space
and & acts on the spin space.

H, can be rewritten into a block-diagonal form by the unitary transformation U

10 1 0
1101 0 -1

U= (5.3)
vV2lo1 0 1
10 -1 0

The new basis are the hybridized bonding and anti-bonding states of the top and
bottom surfaces: |+ 1), [~ 1), [+ 1), [~ 1) , where | ) = (|t 1)  [b 1))v/; |2 |
Y = (|t 1) £ |b 1))Vv/2 and the Hamiltonian H, in the new basis is

H = UHU!
mp wk_ 0 0
_ —ivky —my 0 >0 (5.4)
0 0 my  —ivky
0 0 k. —my
= MyTe0, — VkeT,0y + VkyTo0,, (5.5)

where 7 acts on the orbital space and o acts on the spin space. This Hamiltonian
takes the same form as the BHZ Hamiltonian for HgTe/CdTe quantum wells [7],

although the basis are different. In the numerical calculation of conductance, we use
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the model Hamiltonian (5.5). The parameters are measured in unit of B, which is
set to be unity. The other parameters are m = 0.27 and A = 1 for the calculations
below.

After the ferromagnetic order is achieved, the effective Zeeman energy in the
old basis is given by h., = g%OM . &, where 7, is identity, M is the exchange field.
The exchange energy, he, has three components h.,; = g7,M;0;,j = x,y, 2. For
simplicity, we assume that the effective g-factor is isotropic.

The exchange energy in the new basis is given by h’ = Uh.,U'. The explicit

forms of the exchange energy are

h... = gM.T.0,
1 0 0
_ M. 0 -1 0
0O 0 -1 0
0 0 0 1
h... = gM,m.0,
0010
- 0 0 01
1 0 00
01 00
h’:iacy = gMy7ryo.
0 — 0
= gM, ? 8 8 é . (5.6)
0 —1

Because of rotational symmetry around the z-axis, we take the in-plane magne-
tization to be along the x-direction without the loss of generality. For the angle ¢
between M and the z-axis, we define M, = M sinf, M, = M cos¥.

5.2 Anisotropic magneto-conductance

The anisotropic magneto-conductance in thin films of ferromagnetic TIs is presented

in this section. In the calculation, magnetization strength is fixed and the exchange
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energy |gM]| is kept larger than |m| to drive the system into the QAH phase,
whereas the magnetization direction is varied.

We define transport direction along the x-axis. In order to compare transport
properties with and without edge modes, we consider two boundary conditions
for the y-axis: open boundary condition (OBC) and periodic boundary condition
(PBC). OBC gives rise to edge states, while only bulk states appear in the PBC.
The structure of the device is shown in Fig.2.4. The leads are assumed to be
semi-infinite normal metal as described in Chapter 2.

The dispersions at several angles § are given in Fig.5.1. (a)-(c) are for Hamilto-
nian with the OBC at § = 0, 7/4, 7/2, respectively. (d)-(f) are for bulk Hamiltonian
with the PBC at 6 = 0,7/4, /2, respectively. The edge states are intact as long as
the bulk gap remains finite. The bulk gap closes when the magnetization is rotated
to the in-plane direction, as seen Fig.5.1(f). For OBC, there is a gap of ~ 0.045
(Fig.5.1(c)). It is a consequence of the finite size effect, rather than the property of
the bulk Hamiltonian.

Next, we will verify the chirality of edge modes for gM, > 0 and gM, < 0 by
computing the four-terminal transmission in the clean limit. The four-terminal
device is depicted in Fig.5.2(a). According to the analysis based on the adiabatic
connection in the Chapter 4, in the regime |gM| > m, the Hall conductances
for gM, > 0 and gM, < 0 are opposite in sign, suggesting opposite chiralities.
The phase transition occurs when the magnetization is rotated into the in-plane
direction and the bulk energy gap closes. For the gapped phases, because of the
perfect transmission of chiral edge states, the transmission 7)., equals to 1 only
when p and ¢ are neighboring leads and p < ¢ is along the propagating direction
of the chiral edge mode [101]. The other transmission coefficients are zero. The
numerical calculation indeed shows that the transmission from the lead ¢ to p
denoted by T,., equals to 1 only if (p < ¢q) is equal to (4<-1), (2<4), (3+-2),
(1+-3) for 6 > 7/2 and (1-4), (4+-2), (2¢-3), (3+-1) for # < m/2. The other
transmission coefficients are zero. The schematic plot of the edge current flow is
shown in Fig.5.2.

The two-terminal conductances for both OBC and PBC in the clean limit are
shown in Fig.5.3. When Fermi level lies at the Dirac point, for OBC, the conductance
equals to €?/h(the QAH phase) at @ = 0 then drops to 0.1(the insulating phase) at

0 = /2, see Fig.5.3(a). Only one chiral edge mode contributes to the conductance
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Figure 5.1. (a)-(c) are for the open boundary condition, (d)-(f) are for the periodic bound-
ary condition. The corresponding angle from the top to the bottom row is 0,7 /4, 7/2.

The parameters used in the calculation are m = 0.27,A=1,B=1,9 =1,M = 0.5. The

number of the transverse sites is 60.
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Figure 5.2. (a)The four-terminal device of QAH system for determination of the chirality.
The leads are attached at the black parts. The red block between the leads is infinite
potential barrier. It prevents unwanted scattering between two neighboring leads. (b)The
chiral mode flips direction when the magnetization rotates from above to below the plane.

when magnetization has a large enough out-of-plane component, while for the
in-plane magnetic field with 6 = 7/2, a trivial gap of finite size effect opens up.
There is no mode at Dirac point and thereby the conductance drops. For PBC
(Fig.5.3(d)), conductance is zero at # = 0 then suddenly increases at 0 = /2
as a consequence of bulk gap closing at this angle. As the Fermi level is shifted
higher to 0.2 where at § = 0 it crosses only the edge mode, the conductance for
OBC is quantized when 6 = 0 — 0.367,0.647 — 1.367 and 1.6471 — 27 as given in
Fig.5.3(b). For PBC, conductance is zero before bulk gap closes. Near § = 7/2,
the conductance for both OBC and PBC increase because the Fermi energy crosses
the bulk sub-bands, leading to a large contribution from bulk conductance. When
the Fermi level lies inside the bulk bands, for both OBC and PBC(Fig.5.3(c) and
(f)), the conductance is higher than €?/h at @ = 0 and increases at = 7/2 as bulk
bands become closer in energy.

The conductance in disordered QAH systems is examined and shown in Fig.5.4.
We find the qualitative feature of the conductance remains the same. The chiral

mode is robust against disorder and the quantized conductance still exists even
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for the strong disorder strength W = 0.4, which is almost close to the bulk gap
edge(~0.46)(Fig.(a)). At a higher Fermi energy, the bulk states are mixed with
the edge mode by disorder; thus, the transmission starts to deviate away from
unity even at a weaker disorder strength. The conductance peak is broadened
as disorder gets stronger, irrespective of the Fermi energy because the bulk gap

becomes smaller as 6 gets closer to /2.

5.3 conclusion

The anisotropic magneto-conductance of a ferromagnetic T thin film is numerically
studied in this chapter. When the out-of-plane component of the magnetization
is strong enough, a magnetic gap is developed. The two-terminal conductance is
e?/h given by the ballistic transmission of the edge mode when the Fermi level
is inside the gap. In the presence of disorder, the chiral edge mode of the QAH
state, as well as the quantized conductance, is still robust up to a disorder strength
close to half of the bulk band gap. When the magnetization is parallel to the plane,
the gap is closed and the conductance is no longer quantized. The transport is
dominated by bulk states and affected by disorder. This anisotropy is a result of
the QAH-to-gapless state transition as shown by the dispersion.

Another way to directly calculate the Hall conductance is by Kubo formula in
tight-binding representation. For a disordered system, the translational symmetry
is broken, the twisted boundary condition is implemented [131]. More details on

this calculation can be found in Appendix D.

79



1.6 o v r 1.6

()]
1.4 1 14 (ch
1.2 {1 1.2
_ 1 1 :
=
o 08 { o8 :
O 06 {1 06 1
0.4 {1 04 1
0.2 { o0.2 ;
0 0
5.5 . . . 6
5 (b) | ©
4.5 { 3 1
4 1 4 1
g 3.5 1
Ne 3 o 3 o
O 25 ]
2 | 2 1
1.5 1 1 4
1
0.5 0
7
()
6 lc
5
<
Q
3
2
1
0 0.5 1 1.5 2 0 0.5 ] 15 p

ol
Figure 5.3. Two-terminal conductance in clean limit. (a)-(c) are for OBC. (d)-(f) are

for PBC. The Fermi energy from the top to bottom row is 0,0.2,0.3. The number of the
longitudinal /transverse sites is 100/60.
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Figure 5.4. Two-terminal conductance in the presence of disorder. (a)-(c)are for
OBC. (d)-(f) are for PBC. The Fermi energy from the top to bottom row is 0,0.2,0.3.
The number of the longitudinal/transverse sites is 100/60. The number of disorder

configuration is 100.
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Chapter 6
Summary and outlook

This dissertation is devoted to the study of transport behaviors in topological
phases. In particular, we studied how the QH states and the QAH states behave
when exchange coupling and Zeeman coupling coexist and are controlled by a
rotating magnetic field and we also propose transport signatures of topological
surface states of TI nanostructures. We summarize some of the principle results, as
well as discussing possible new directions, in this chapter.

Transport signatures of topological surface states in TI nanostructures are
studied. The magnetoconductance of TI nanowire is shown to have ¢g-periodicity
when the non-topological surface states are localized by disorder. When a magnetic
flux in the value of a half-integer of ¢ is inserted along the nanowire, the surface
electron gains an additional phase that cancels the Berry phase 7 from the curved
surface of a TI nanostructure. A pair of topological modes appears at these values of
magnetic flux. We have shown that topological surface states are much more robust
against disorder than the nontopological states by comparing their localization
lengths. The numerical results are supported by experimental measurements of
magnetoconductance in BiTe nanotubes. The conductance oscillation is attributed
to the contribution from outer surface states. We have argued that the inner radius
fluctuates greatly along the nanotube direction leading to the disappearance of
conductance oscillation related to the inner surface. The calculation in the clean
limit has shown that the inner surface states have a longer penetration length
than the outer surface states. Thus, the inner surface states are expected to be
destroyed by magnetic flux more easily. One of the open problems is to numerically
study the robustness of the inner surface state of a TI nanotube. It will provide

a better understanding of the mechanism of the oscillation related to the inner

82



surface states. Another nontrivial effect of disorder is to produce the so-called
topological Anderson insulator, in which an ordinary metal (with a positive gap) is
driven into a topological insulator by disorder [108,132,133]. That physics is not
relevant here because our system has an inverted band gap even in the absence
of disorder. However, it would be worth exploring if our method for producing
highly disordered systems can suggest ways of experimentally realizing topological
Anderson insulators starting from materials with positive but small band gaps.

The QAH effect in Mn-doped HgTe quantum wells is investigated when rotation
magnetic field, as well as the corresponding magnetization are present. Since the in-
plane g-factors in HgMnTe quantum wells have not been determined experimentally
to the best of our knowledge, we studied the normal-QAH phase transition with
and without the in-plane Zeeman coupling. With Zeeman coupling, we predicted
a reentrant QAH effect when both in-plane and out-of-pane magnetization are
present in the system. On the contrary, if the in-pane Zeeman effect is negligible,
there is no reentrant QAH effect. Instead, there is a critical angle of magnetic field
below which the QAH effect can be observed. Moreover, with symmetry analysis,
we reported that breaking the reflection symmetry is essential for the QAH effect.
By introducing shear strain into the system, we find that the QAH effect can even
be realized with purely in-plane magnetic fields. Since no out-of-plane magnetic
field is involved, the QH effect can be excluded.

We also studied the anisotropic magnetoresistance in magnetic T1 thin films
When the magnetization is out-of-plane, the system is in the QAH state. When
the magnetization is rotated into the in-plane direction, the gap closes and the
transport is dominated by bulk states. In the QAH state, in which the helical
edge state dominates the transport, the conductance is intact in the presence of
disorder. One of the future studies is to generalize the two-terminal calculations to

multi-terminal devices to obtain the Hall and longitudinal resistances.
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Appendix A
Effective Hamiltonian of the TI
surface states

A.1 Derivation of the Effective Hamiltonian of topo-

logical surface states

A 3D massive Dirac Hamiltonian is [134]
M -5
H:( . ﬁ”f"p> (A1)

First, we consider a semi-infinite system extending from —oo to x = 0. We are
interested in the surface state solution, which is a bound state at the interface

x = 0 and decays for x — —oo. We separate the Hamiltonian into two parts

H = hip+AH (A.2)
hip(ky, k., =0) = —MT7,0,+ VpsTu0, (A.3)
AH(ky, k,) = hvg(kymp0y + k.7,02). (A.4)

and consider the Hamiltonian hyD at k, = k., = 0 first. The eigen-equation is
(=MT1,0, + v§pyT,0,)¥ = 0 and here we are interested in the solution with zero

energy. With the trial wave function for hip is (without normalization yet)

U = o7, (A.5)
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the eigen-equation can be simplified as M (it,0,)§ = ihvrag, which suggests that &

is the eigenspinor of 7,0, with eigenvalue s = £1. « can be solved

M
a=s— s=+1lforz <0 . (A.6)
hvf

Thus, the degenerate eigenstates with s = 1 for the zero-energy solution are

1 0

N 0 N 1
AL Uy = Do AT
1 \/§€ 0 ) X2 \/§€ i 9 ( )

1 0

N is the normalization factor.

The eigenstates for hyp are used as basis and AH is treated as perturbation to
the one-dimensional Hamiltonian. Then we obtain an effective Hamiltonian of the
helical surface states by projecting AH to the basis ¥y, Uy [135]

(W]
= (Pxa),. (A.9)

Hyy = (”’”)AH(M ) ) (A8)

The above effective Hamiltonian can be generalized to a curved surface with

the normal vector n. We can separate the Hamiltonian into

th = —MTZO'O—FUpr_Tm(O_:'H) (AIO)
AH = wvpr, (0 - pj), (A.11)

where pj is the momentum operator tangent to the surface.

Following the same procedure, we can also solve the solution of surface states
for a curved space by assuming the curvature of space is quite small. Then we
project the Hamiltonian AH into the subspace spanned by eigen states of surface
states at p; = 0 and obtain the effective Hamiltonian of the surface state

Wwrr, oo
Heyp = 7f 7.7 nl
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From the first to the second line, the identity (& A)(6-B) = A-B+ig-(Ax B) is used.
Here one should note that pj also differentiates on n, and Vjj-n = (V| -n)+n-v|.
From the second to the third line, the identity A-(BxC) = B-(Cx A) = C-(Ax B)
is used.

Now we can write down the effective Hamiltonian for the surface states on a cylin-
drical surface with n = (cos ¢,sin ¢,0). V| = ¢Ra¢> + 25 a = (—sin ¢, cos ¢, 0)%% +
73%. Here, —i% can be replaced with wave vector k because of translational

symmetry along the z direction.

9. (cos ¢,sin¢,0) =

. 1 1
Vi-n = (—sing,cos o, O)Eﬁgb = (A.13)
Vi xd = (0,cos¢,0.sin¢, —o,sin¢ — o, cos ¢)R88¢ +ik(—0y,0.,0)
(A.14)

Substitute Eq.(A.13) and (A.14) into Eq.(A.12), the effective Hamiltonian for

the carriers moving on the cylindrical surface is
n huy Ty ke
eff:ﬁ_'_hvf ( X . 3 . <A15)

A.2 Eigen-solution of the effective Hamiltonian

When an flux n¢, (n is any number)is inserted into the nanowire, the flux is included
by Pierels substitution 7 — §— eA [123], where A= ’7% qb Thus, Eq.A.15 becomes

N fivg 22 +n)  ike ™
ike +(i2 56 + 1)
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The eigen function is

X = ( f’“¢ ) e, (A.17)

gre’
where [ is an integer = 0, £1, £2... and is the quantum number for the azimuthal

symmetry of the HZ ;. The eigen-equation becomes

I+1/2—n ik fk fk
Hipx = hog| % i, =E . (A18)
tk R Gk 9k

Therefore, the eigenenergy is

[+1/2—n

Ekl = :i:h?}f\/k‘Q + ( R )2 (Alg)

A.3 Time-reversal invariance of the effective Hamil-

tonian

The time reversal operator is T' = i¢0, K, where K is the complex conjugate operator.
From E.q.(A.18), we can define (f; gx)” as the eigenstate of the effective Hamiltonian
f[;‘ff(k, ) = fwf(lﬂ/%@ — ko). The time reversal operation of F[;lff(h [) gives
ﬁf;f(k, l) = TT:T:I;‘H(IC, NT = —hvf(lﬂ/%az — ko). ~The full Hamiltonian is given
by the sum of HZy(k, 1) with all [, i;e. HZ (k) = > HZp(k,1). If the Hamiltonian
is time-reversal symmetric, then HZ (k) = HZ;;(—k). The dummy index [ in
HE:¢(—k,1) can be changed to I' without the loss of generality. Thus, time-reversal
symmetry gives I’ = —[ — 1 4+ 2n. However, this condition is only satisfied only

when 7 equals to zero or half-integers because both [ and I’ are integers.
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Appendix B
Landau level calculation

In this appendix, we show the Landau level calculation in the presence of in-plane
magnetization for the BHZ Hamiltonian under a magnetic field [136]. The full
Hamiltonian is Hgpz + Hy,, where Hy, = Hy,p + Hyyp and Hypp(z) = ia(2)00(2)To +
824(2)0u(z)Tz- Hpmy is the in-plane magnetization and is regarded as the perturbation
to Landau levels. The unperturbed Hamiltonian Hgyz + H,,. with the standard
Peierls substitution [91,123] is

H, 0
Ho - HBHZ + Hmz - ( OT HO¢ ) ) (Bl)

where the Hamiltonian for each spin-component is a 2 by 2 matrix.

H C + M — 2(B+D) (a+a7 + %) -+ Jez an/+
o an, C+M-E D) (aya- +3) + gn-
B
0o C+ M- (B+D) (aya_ + ) Jez —Q _
o ‘lGAaJr C+M-—E BD) (ara— +3) — Gn-

where Ig = ,/% is the magnetic length and a4 = %($ipy + hk, + eB.y). The
Landau gauge for the vector potential A = (—B.y,0,0) has been used.
H, is block-diagonal, while H,,, is off block diagonal. First, we calculated the
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eigenenergies and eigenstates for H,. The eigenstates are written as

fnll|n>
foizln — 1)
fn—113|n - 1>

fnl4|n>

|n7l> = 5 (BQ)

where f.;; (j = 1,2,3,4) are the coefficients of each eigenlevel of the Harmonic
oscillator. n denotes the eigenlevel of the Harmonic oscillator, [ = 1,2, 3,4, denotes
the eigenstates of the effective 4 x 4 Hamiltonian, and j denotes the components of
eigenvectors.

For convenience, we define

g z + gez
gs = h 9 (BS)
ga = F222, (B.4)
In this basis, the eigenvalues for the zero modes are
(B+ D)
ET,O = C+ M- T + Gez (B5)
B—-D
E\L,U = O — M + (l2B) — ghz (B6)
(B.7)
The eigenvalues for the non-zero modes are
B +2nD 2nB+ D V2
Brns = C— % Fge k| (M= go — M)z —|—A2—n(B.8)
B —2nD 2nB — D V2
Ei,n:l: - O‘{'(Zgn)_gsi (M+ga_ ( n l2 >)2+A2ln(B9)
B B B

And the eigenvectors for zero-modes are
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10)

o= | [k = | (B.10)

The eigenvectors for non-zero modes are

—M +go+ 5(D +2nB) £ \/(M—ga — e2nBD)y +2A2%)|n>

—Is n—1)
nt) = ——2—
k) = =2 O
0
0
l 0
|\l/7 nj:> = ﬁ e e(D—2nB)\9 2v2n
o —M—ga—h(D—QnB)i\/(M—i—ga—i-h 2 4 242920) | — 1)
1)

The positive sign is for the hole eigenstates, while the negative sign is for the
electron states. In this basis, Hy is diagonal. Then we project H,,, onto this
basis and the total Hamiltonian is diagonalized up to 20 basis of Landau levels

numerically.
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Appendix C
Effective Hamiltonian for HgM-
nTe quantum well

In this appendix, we discuss the form of the effective four band model of HgMnTe
quantum wells with shear strains based on the symmetry argument, as well as the
microscopic derivation based on k - p theory.

The effective Hamiltonian of HgMnTe quantum wells with shear strains is
constructed on the basis |E14), |[H1+4), |E1—) and |H1-), including three terms
Hpyz, H,, and Hg,. The BHZ Hamiltonian Hgy, has been discussed in the early
literature [7,34]. The most important feature of the BHZ Hamiltonian is the linear
coupling between |E1+) and |H1+) due to opposite parities between these two
sub-bands.

The Hamiltonian H,, is described by two vectors g; = %(ge +gp) and go =
%(g6 — gn), which can be related to the spin splitting of the electron and heavy-hole
sub-bands. As described in the main text, H,, has two origins: one is due to the
direct Zeeman coupling to the external magnetic field, while the other orginates from
the exchange coupling of magnetization. The direction of the vectors g 5 or g, are
along the direction of the external magnetic fields, as well as the magnetization of
the Mn magnetic moments. However, the dependence of g; 5 or g, on the external
magnetic field is quite complicted. Due to the quantum well configuration, there is
also anisotropy between the spin splitting along the z-direction and that along the
in-plane direction. For the z-direction, the form of spin splitting has already been
obtained [126], given by

KB .
Ge(h)z = 7ge(h)sz + Xe(h)zsz (Cl)
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with the effective g factor g.p). and the exchange coupling strength x.) for
the electron (heavy-hole) sub-bands, respectively. S, denotes the magnetization
of Mn atoms S, = —SyBs/2 (%‘ﬂ%) where Sy = 5/2, the effective g factor
for Mn gps,,, the Bhor magneton pp, the characteristic temperature of the anti-
ferromagnetic coupling Ty. Bj2(2) is the Brillioun function, given by Bs/s(x) =
gcoth(gaz) — %coth(%a:). For the in-plane magnetic fields, the dependence of spin
splitting on magnetic fiels is a little complicated. For the electron sub-band |E1+),

the spin splitting is given by

. UB .
Gex + VGey = ?geHB—I— + Xe||S+7 (02)
with the in-plane g factor g, and the in-plane exchange coupling strength x..
Here By = B, +iB, and S+ = S, & 1S, with S,y = —SoB5/2 (%). In
contrast, the spin splitting for the heavy-hole sub-bands is given by

KB

5 Gn B+ xn) 5% (C.3)

ha + ighy =

The B3 and S% dependence for the heavy-hole sub-bands is because the heavy-hole
sub-bands carry the angular momentum i%.

For the shear strain term, the Hamiltonian (E.q.(4.9)) can be written explicitly

as
0 0 0 k_(€z. — i€y.)
0 0 k_(€y, — 1€, 0
Hstrain =F . (6 " ) C4)
0 ky(€zs + i€ys) 0 0
ky(€p. + i€y.) 0 0 0

in the basis |E14), |H1+), |E1—) and |H1—), with the shear strains €,, and €,,
and the coefficient F'. €., and ¢,, have even parity and e = €,, £ i€, carry the
angular momentum +1. Therefore, the term ki (e,. £ i€,.) carries the angular
momentum 42, corresponding to the change of the angular momentum between
the electron sub-band |E1+4) (|E1-)) with the angular momentum 1 (—31) and the
heavy-hole sub-band |H1—) (JH1+)) with the angular momentum —3 (2).

In order to confirm our discussion of the strain term, we may also consider the

perturbation theory for the derivation of this term. We may start from the six
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band Kane model with the strain term, with the Hamiltonian given by
H = Hg + Hg,, (C.5)

in the basis [[°,1/2), [T, —1/2), [®,3/2), |T®,1/2), |T'®,—1/2) and |T®, —3/2),
which we denote as [1),]2), |3}, ]4),]5), |6) for short in the following. In the conven-
tional semiconductor, the I'® bands have higher energy than the I'® bands while in
HgTe, the bands sequence is opposite. The strain term can be described by the
Bir-Pikus Hamiltonian with the substituion £;k; in the Kane Hamiltonian of the

strain tensor component ¢;;. For the present model, we obtain

T. O 0 0 0 0

0 T. 0 0 0 0

0 0 U+V, Se R, 0

Hyy = " (C.6)

0 0 St U. -V, 0 R,

0 0 R 0 U —-V. =8

0 0 0 R! —-SI U+ V.

with
T. = Ctr(e), (C.7)
U. = atr(e), (C.8)
1
V. = 5()(69@35 + €yy — 2€52), (C.9)
Se = —d(€z, — i€ys), (C.10)
3

R, = —é_b(em — €yy) +idey,,. (C.11)

Here tr(e) = €, + €,y + €., gives the trace of the tensor e. Here we are interested
in the influence of €., and ¢,, and keep only ¢, ande,. non-zero. From the above
expressions, we find only S, terms remaining.

Next let’s consider the projection of the Hamiltonian into the subspace of the
quantum well sub-bands and derive the effective Hamiltonian for the low energy
physics. We consider a quantum well structure frabricated along z direction and
separate the Hamiltonian H into two parts, H = Hy —o + H,ii) with k= (ks, ky).

H oy =0 describes the Hamiltonian with vanishing k| and is solved with numerical
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methods. The eigen wave functions of Hy, —o is denoted as [Ug(2)) = X5 fea(2)[A),
where [A) = |T%, £3) or [T®, £3(+1)). We use again 1 to 6 to denote A for short. &
denote different sub-bands and here we are interested in four sub-bands |Ey, +),

|Hy,+), |E1, —) and |Hy, —), denoted as |A), |B),|C), |D), with the forms given by

|A) = far(2)I1) + fau(2)4),  [B) = [53l3)
C) = fea(2)|2) + fes(2)[5), D) = fpel6). (C.12)

The symmetry property of the functions fe ) is discussed in the Ref. [126]. We also
consider other sub-bands, such as |Ey,+), |LH,+), |[HHy3...,%), in the second
order perturbation calculation.

The effective Hamiltonian in the four bands (A,B,C,D sub-bands) can be
obtained from the second order perturbation, which is illustrated in Ref. [126] for
the details. Here we are only interested in the terms related to the shear strains.
For the first order term, the possible term is (A|Hg, |B) = —(€xy +i€y:)(fa4ld|fB3),
which vanishes because of the opposite party between f44 and fp3 (see Ref. [126]
for more details). Similar situation happens for (C|Hg,|D). For the second
order perturbation, the terms with the form (A|Hy|LH, —){(LH, —|Hg,|D) and
(B|Hg|LH,+)(LH, —|Hk|C) remains, yielding the Hamiltonian (C.4), with the
coefficient F' given by

F= ¥

a=LH,FE

1 1 1
T UalPlfas) = Faal Pl D)o aldl o) (5= + o)
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Appendix D
Quantized Hall conductance and
extended states

The localization theory predicted that all electronic states are localized in the
absence of magnetic field in two-dimensional systems. When there is magnetic field
and the electronic states form Landau levels, in contrast, there are extended states
that carry Hall conductance. Great interest has been attracted to study in the
evolution of extended states when the gap between Landau levels collapses [137].
In this appendix, we show the fate of extended state in the presence of disorder in
IQH insulators. The generalization to the QAH insulators has been investigated
and shown similar behavior as in the IQH effect [138].

Niu et al [131] generalized the Kubo formula to disordered systems and showed
that the Hall conductance is still a quantized value as long as the Fermi gap does
not close. Moreover, Hall conductance is insensitive to the boundary condition.

The boundary condition averaged Hall conductance takes the form

o = —%c (D.1)
]' 2 2 ‘[ o h xr n n h o
Eo<Ej En>E 4m2 Jo 0 (Eo - En)
where v; = %g—g and 0, , are the phase for boundary conditions as defined in the

following. In the tight-binding representation, the Hamiltonian for a square lattice
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in the presence of magnetic field is

H =" t0} 1 ,Conp + te2™m/% N Ch (D.3)

¢ is the magnetic flux per unit cell and Cf,, /Cy,, is the creation/annihilation
operator at lattice site (m,n). The lattice site index runs from 0 to Ny, for
the x(y)—direction. To restore periodic boundary condition along x-direction, we
set ¢/¢, = p/q and N, = qd, where p, ¢ and d are integers. The phases only
appear for the hopping between the opposite edges: hy,_,0 = ew”C&yCNz’y and
hn,—0 = ey CLOCL n,- Therefore, the only nonzero matrix elements for v; are the
boundary terms. Eq.D.2 has the same form as in the clean limit only by replacing
wave vector with phase. In the calculation, we focus on the case ¢/¢p, = p/q = 1/3.
We should point out that in this calculation, Kubo formula is a bulk property and
there is no edge effect.

The extended states are defined as the states that carry nonzero Hall conductance
[137,139]. The calculation is for the magnetic flux per lattice for a 9 x 9 square
lattice. The density of state and the Hall conductances are averaged over boundary
conditions and disorder configurations. Fig.D.1(a) and (b) give the density of states
and the Hall conductance at disorder strength 1 and 2.5, respectively. Fig.D.1(a)
shows that the extended states locate at the center of each subband. The Hall
conductance of each subband is 1, —2, 1. Comparing Fig.D.1(a) and (b), as disorder
strength increases, the extended states with opposite Hall conductance merge and
disappear. Our results match that of Ref [137].

The fate of the extended states in the Haldane model has been studied by
Onoda and Nagaosa [138]. Based on the scaling analysis, they showed that the two
extended states merge and disappear at a critical disorder strength. This behavior

is the same as in the integer quantum Hall effects [137].
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Figure D.1. Total density of states, extended density of states and Hall conductance for

W =1(a) and W = 2.5(b). p/q = 1/3 for systems of size 9 x 9. The disorder configuration
is 400. The number of grid for boundary condition is 24 x 24.
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