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Abstract

In this thesis, we consider the electronic properties of materials created by stacking
two-dimensional graphene layers. The first material is a heterostructure created
by placing a graphene layer on top of a layer of hexagonal boron nitride. The
energy bands are determined as well as the energy spectrum in the presence of
a magnetic field applied in the direction perpendicular to the layers. There is a
miniband structure that includes gaps and secondary Dirac points as well as a
fractal structure of magnetic minibands known as Hofstadter’s butterfly!

The second material is multilayer graphene, which consists of a small number
of graphene layers stacked on top of one another. We determine the effect on the
low-energy electronic band structure by applying a magnetic field in the direc-
tion parallel to the layers, and find that the parallel field can induce a dramatic
change in the band structure, which is known as a Lifshitz transition. Further-
more, depending on the magnitude and the direction of the field within the plane
of the graphene layers, it is possible to access different phase regions of the band
structure.

We also model the electronic transport properties of multilayer graphene. We
use both analytical mode-matching and the numerical recursive Green function
methods to study the transport properties of electrons in multilayer graphene in

the vicinity of zero energy, zero temperature and zero magnetic field.

ITechnical terms used in the abstract will be introduced in the following chapters.
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Chapter 1

Introduction

Figure 1.1: Graphene is a two-dimensional material consisting of a single layer of
carbon atoms arranged with a honeycomb crystal structure.

Graphene is a two-dimensional material consisting of a single layer of carbon atoms.
It can be thought of as being one layer of bulk three-dimensional graphite [1].
Due to its unique properties, graphene is considered to be a promising candidate
material for the development of electronic devices [2]. In 2010, the Nobel Prize
for Physics was awarded to A. Geim and K. Novoselov [3] for “groundbreaking
experiments regarding the two-dimensional material graphene” [4] .

In addition to being a two-dimensional material, graphene is chemically stable

[5] and is an excellent electronic conductor [6-8], an excellent thermal conductor

LAll terminologies mentioned in the Chap.1 will be explained systematically in the following
chapters.
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9, 10] and is flexible but strong [11, 12] while being transparent to visible light [13].
Graphene generally has great potential for applications in biology [14], chemistry
[15] and electronic devices [16].

Electrons in graphene ? exhibit a Dirac-like spectrum [7] with a linear dispersion
relation and an additional spin-like degree of freedom known as pseudospin (the
origin of which will be explained in Chap. 2). Electrons in graphene are chiral
[17, 18], meaning that the direction of an electron’s pseudospin is linked to the
direction of its momentum. These electrons are analogous to massless relativistic
particles. The unique electronic properties of graphene are manifest in the integer
quantum Hall effect [19-26] and in transport as well as scattering properties [27—
34].

Soon after the first experiments on graphene, studies involving other two-
dimensional materials commenced, including materials such as silicene [35], hexag-
onal boron nitride (A-BN) [36, 37], and graphene oxide [38]. In other words, the
work by Profs. Geim and Novoselov [3] opened a new field of physics, that of
two-dimensional materials [2, 39].

Recently, research in graphene and other two-dimensional materials has been
extended to two-dimensional heterostructures consisting of combinations of dif-
ferent two-dimensional materials. By stacking layers of different two-dimensional
materials on top of one another, it is possible to create new two-dimensional het-
erostructures with novel properties [40-43]. Furthermore, the possibility of produc-
ing ideally clean two-dimensional heterostructures has been proven experimentally
[44]. The first and, by now, the most developed of these heterostructures is formed
by placing graphene on hexagonal boron nitride. Both materials are made from
a single layer of atoms arranged with a honeycomb structure. However, in con-
trast to graphene which is a gapless semiconductor [6, 16], ~-BN is an insulator

with a band gap of approximately 6 electron volts [45]. For this reason, h-BN was

2 Actually, all features described here are for the collective behavior of electrons in graphene,
i.e. quasi particle in graphene. For simplicity, we call them “electrons in graphene” from now
on.
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initially used as a substrate to preserve graphene’s electronic properties [36]. The
small difference (~ 1.8%) between the lattice constants of the two crystals and
their crystallographic misalignment generates a large-scale quasi-periodic hexag-
onal pattern, which is known as the moiré® superlattice (mSL) [37, 46, 47]. The
smaller the misalignment angle between the two lattices, the larger the moiré su-
perlattice. The huge superlattice (i.e. the size of the super unit cell, maximum
~ 14nm) allows for a much larger magnetic flux per super unit cell as compared
to the magnetic flux per unit cell of conventional material. In the moiré-perturbed
magnetic fractal spectrum of graphene, there is a peculiar quantum Hall effect
48], which includes a systematic repetition of Dirac-like features at the edges
of consecutive minibands. These Dirac-like features form a hierarchy of gaps in
the surrounding magnetic spectrum, and are manifest as incompressible states
observed via variations of carrier density and of magnetic field [49, 50].

In this thesis, we also study the magnetic minibands of a heterostructure con-
sisting of bilayer graphene and hexagonal boron nitride. A new feature here is that,
because the inversion-symmetry is broken by the substrate, the valley symmetry
of the electronic spectra is also broken. Despite the existence of perturbations due
to the moiré potential, a zero-energy Landau level exists, although its degeneracy
is reduced. We also discuss the behaviour of electrons near zero energy in the
presence of simple-fraction magnetic flux.

Furthermore, we also consider the electronic properties of multilayer graphene,
which consists of a small number of graphene layers stacked on top of one another.
There have been many studies regarding the influence of a perpendicular magnetic
field [19] on graphene, multilayer graphene and a tilted magnetic field [21-26].
Conversely, there have been few studies [20] that consider the role of a magnetic
field parallel to the substrate because the magnetic flux magnitude is severely
limited by the small distance between graphene layers. However, at very-low en-

ergy, there is an unusual feature of the electronic spectrum of multilayer graphene,

3The term “moiré” originates from a French type of textile, traditionally of silk, with a
“watered” appearance.

17



known as a Lifshitz transition. We therefore determine whether the weak effect
of the parallel magnetic field is sufficient to influence the Lifshitz transition, and
discuss some new features of the electronic spectrum.

Furthermore, we model the electronic transport properties of multilayer graphene
(31, 34]. The minimum conductivity of graphene (i.e. the lowest conductivity value
measured as a function of gate voltage) does not scale neatly with the number of
layers and depends on the temperature and aspect ratio of the sample [29, 30].
From a theoretical perspective, different methodologies have led to different pre-
dictions [184]. In this thesis, we compare and contrast two different methods to
study the conductivity of graphene.

In addition to this introductory chapter, my thesis is organized as follows.
Chapter 2 introduces the electronic properties of graphene and the theoretical
models used. In Chapter 3, we present the fractal spectrum of moiré-perturbed
single-layer graphene in a magnetic field and we discuss the incompressible states.
In Chapter 4, we focus on the peculiar zeroth Landau level of bilayer graphene
with a moiré-perturbation in a magnetic field. In Chapter 5, we investigate the
electronic energy band structure of multilayer graphene in a parallel magnetic field
and compare this with the band structure in the presence of strain. In Chapter
6, we analytically and numerically study the electronic transport properties of

graphene, single layer and multilayer graphene.
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Chapter 2

Theoretical background

2.1 Crystal structure of graphene

Figure 2.1: Schematic of the crystal structure of SLG. The black dots represent carbon
atoms with “A” and “B” as sublattices, and the solid lines between atoms represent
covalent bonds. The cyan rhombus is a unit cell.

As shown in Fig. 2.1, graphene is a one-atom-thick sheet composed of carbon
atoms [51, 52], arranged in a honeycomb pattern. This crystal structure of single
layer graphene (SLG) consists of a hexagonal Bravais lattice with a basis of two
non-equivalent atomic sites at each lattice site [53]. In the figure, these two non-
equivalent atomic sites are referred to as A and B, (because one can not connect
them by primitive lattice vector), and the graphene structure can be taken as

consisting of an A sublattice and a B sublattice. Vectors a; = ag(%, \/75) and

19



, \/75) are two primitive lattice vectors of the graphene Bravais lattice

N[

as = ag(—
where a, = 2.46 Ais the lattice constant [53]. An arbitrary lattice vector may

be written as R = nja; + nsas, ny,ny € Z. For any atomic site A, the relative

positions of the nearest three neighbouring B atomic sites are §; = \‘L/—%(O, 1),
8y = %(*2, —3) and &3 = % (=%, —1), where |6 = 1.42A.

Figure 2.2: Schematic of the reciprocal lattice of SLG, in which dots indicate reciprocal
lattice points, the blue hexagon is the first Brillouin zone, and the cyan hexagons are
the six nearest Brillouin zones. Some symmetric points are notified too.

Primitive reciprocal lattice vectors by and by may be determined by using the

relation between lattice and reciprocal lattice vectors ! .

4
a; - bj = (5@'271', ]az||bj| = _7T (21)

P

Given this,

At V31 4t /3 1
g g

As shown in Fig. 2.2, the reciprocal lattice of graphene is a hexagonal lattice and

the first Brillouin zone is a hexagon.

!This is simplified from the three-dimensional relation b; = a; x l./[a; - (a; x 1.)]. Here, I,
is the unit vector along z direction, i.e. perpendicular to the substrate.
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2.2 Atomic orbitals of graphene

One isolated carbon atom has six electrons [53]. Among these six electrons, two
are core electrons, whereas the other four populate 2s and 2p orbitals. The carbon
atoms in graphene are sp? hybridized, meaning that the three electrons in orbitals
2s, 2p, and 2p, form strong covalent bonds connecting three adjacent atoms ly-
ing in the plane of the graphene sheet. These bonds are shown as solid lines in
Fig. 2.1. The strong carbon-carbon bond is one of the reasons behind graphene’s
strength and flexibility. The other atomic orbital, 2p,, which is perpendicular to
the graphene plane, forms a 7 orbital when combined with the neighbouring 2p,
atomic orbitals of the adjacent atoms. Note that we use a model which considers
only the 2p, orbital of each atom. This model is able to adequately describe the

behaviour of the electrons in graphene in the vicinity of the Fermi level [53].

2.3 Tight-binding model of SLG

2.3.1 Hamiltonian of SLG

Following [53], in this subsection, we provide a description of the behaviour of
electrons in graphene, using the tight-binding model and Bloch’s theorem. The
former assumes that the wave functions of the electrons may be constructed from
the atomic orbitals of isolated atoms. The latter provides a recipe for how to treat
electrons in space-periodic systems, and is therefore the basis for the theory of
solids.

We consider graphene to be translationally invariant. FEach unit cell has two
2p, atomic orbitals denoted by ¢;, where [ € [1,2] represents the two sublattices
in one unit cell. We can build a tight-binding Bloch wave function ®; of one

sublattice, which depends on position vector r and wave vector k, as

N
(I)l(’l", k) = \/_1N Z eik'Ri’lgbl (’l" — Ru), (23)
i=1
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where R;; represents the position of the /th atomic orbitals in the ith unit cell
and N is the number of unit cells?. For simplicity, we set A = 1 from this point
onward. The electron wave function of jth band W;(r, k)of each unit cell can then

be expressed as a linear superposition of Bloch wave functions, i.e.

Ui(r k) =) cu®i(r, k), (2.4)

where ¢;; are the coefficients of expansion.
Based on the electron wave function ¥, (r, k), we can formally express the jth
energy eigenvalue E;(k) of the Hamiltonian of the system # as
<‘I’j!7:l|‘1’j> Z?,z0§¢0j1<@i|ﬁ@l>

B =y T e @ (25)

To minimize the energy E; in locality, we calculate the derivative of E; with respect

to coefficient c*

% and set OF;/0c;; = 0. Thus, we obtain equations

2 2
Z ﬁilcjl = Ej Z Silcjl7
=1 =1
Hy = (®i|H|0),  Sa = (&:]).

As each unit cell contains two sublattices, A and B, and on each sublattice only

one 2p, atomic orbital, so we can use label A to replace index [ = 1 and label B

to replace index [ = 2. The 2 x 2 matrix equation is then

~

Hipj = EjSiy, by = ( Cj1  Cj2 )T>

. Hin Hagp Saa San
H= R X , S= , (2.6)
HBA HBB SBA SBB

where H is called the transfer integral matrix, and S is the overlap integral matrix.

2 Although this form seems a localized function, a simple translation operation T, can show
that this function holds the translational invariance, i.e. T,®;(r,k) = e*2®;(r k), where
ac Ri,l-
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The energy E; can be obtained by solving the determinant of the secular equation

det(H — ES) = 0. (2.7)

We will use two assumptions to simplify the equation above:
(1) In the diagonal entries H4 (Hpp), the dominant contribution arises from
the same site, i.e. R; = R;. The contribution of other sites is omitted, which

stems from the central idea of “tight-binding”. Therefore,

N N
X 1 ; . ’
o=+ ZZ o RARAD (6, (r — R ) [HIoa(r — Ray))
1 N
~ N a €op = €2p, (28)

where parameter e, of the 2p orbital is
o = (0a(r — Ra )/ H|oa(r — Ray)). (2.9)

In addition, Hgp = Haa.

With this first assumption, the diagonal element S44 of the overlap matrix is

given by
L
S0 0D 0l ~ R~ Rag)
|
~ Z (2.10)
We assume that the atomic wave function is normalized, where
(Pa(r — Rai)|da(r — Ra;)) = 1. (2.11)

In addition, Spp = Saa = 1.

(2) In the off-diagonal entries Hap (Hpa), the dominant contribution arises
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from the three nearest neighbouring atomic sites, so

1 N

fap = Y0 30 ™8589 (6,4 — Ra )| HIos(r — Ra,))

i=1 j=1

1 N 3 ‘

N N
1 ,
SAB = N E E €Zk'(RB’j_RA’i) <¢A(r - RAJ)|¢B(T - RBJ))

i=1 j=1
N 3

~ % Z Z eik'(RB,j*RA,z‘)SO

i=1 j=1

= sof(k), (2.12)

where the tight-binding parameters 7y and s are defined as

%0 == (0a(r = Ra,)[Hion(r - Ra)).

so = (pa(r — Ra,)|op(r — Rp;)) - (2.13)

Note that the minus sign before the expression for parameter v, ensures that vo > 0

in practice. In addition,
flk) = e*, (2.14)

which accounts for the phase factor acquired by hopping between nearest neigh-
bours. For clarity, Fig. 2.1 shows vectors d1, d, and d3.

Consequently, the tight-binding Hamiltonian of graphene is

. €2p —0f (k) 5= 1 sof (k) ' (2.15)

—0.f* (k) €2p sof (k) 1
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By solving the secular equation®, Eq. (2.7), the dispersion relation is obtained as

_ o £ 0l f(K)]

ETTCE (216)

Once the value of parameters 7y and sg are known, the band structure of SLG is

known.

2.3.2 Band structure of SLG

-15-10-05 00 05 10 15
kxlyo/v]

Figure 2.3: (Left)The band structure of SLG is shown, the Dirac cone in the vicinity of
the K in reciprocal space is shown in the middle. Note that the solid lined hexagon in the
left band structure is the first Brillouin zone. (Right) The two-dimensional dispersion of
the tight-binding model of graphene based on k, = 0, is shown with the upper-right inset
indicating the location of the K (K') valley in the first Brillouin zone. Parameters vy =
3.16eV and sy = 0.129 are taken from the Slonczewski - Weiss - McClure parameters
[55-58].

The tight-binding model cannot determine the values of 79 and syo. To de-
termine them theoretically, we could use a numerical method, such as density-
functional theory (DFT). Alternatively, we could take an approach that fits exper-
imental data. In the commonly-used Slonczewski - Weiss - McClure parameters

[55-58] for graphite, 79 = 3.16eV and so = 0.129* . Furthermore, we would not

3Actually, this secular equation is not solved by treating it as two simultaneous equations.
In the solving process, one will notice that they are the same equations, and one can not find
any new information (about the relation between different components) from them. Besides,
the normalization gives same coefficients to the two components. So to set the determinant of
secular equation to be zero is a shortcut to solve it, and this makes sure that the solved wave
function is non-trivial (not a zero wave function).

4Most of the unique features of graphene, such as the Dirac cone, pseudospin or chirality
described later are determined by its symmetric properties, but not the exact value of parameters.
Even if the parameters for graphite are not the most accurate ones for graphene, these phenomena
still hold.
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expect a small change in the value of 7y to have a qualitative impact on the elec-
tronic band structure. Therefore, we will use parameter values for bulk graphite
and apply them to graphene-related calculations [55].

The energy band structure of SLG, i.e. Eq. (2.16), is shown in the left panel
of Fig. 2.3, in which ey, is set to zero for simplicity. The asymmetry between
the top and bottom bands is generated by non-zero sy. The valence and con-
duction bands touch at the six Brillouin zone corners, which are called Dirac
points (DP). Of these six points, only two are non-equivalent; we call them the
K and K’ valleys. As shown in Fig. 2.3, the three K valleys are located at

27 (1,0), 4—7;(—%, Y3y dn (1 _¥3) while the three K’ valleys are at %(—1,0),

3a, 3a 2 ) 3a,\ 7277 2
;T”g(%, —73), ;T’Tg(%, —\/75) in the reciprocal space. At each of these K(K') points,

the coupling between the two bands, i.e. the off-diagonal element of Eq. (2.15),

vanishes because
f(K) — 0 + €i27T/3 + 6*7;2”/3 =0. (217)

This indicates that there is no hopping between adjacent A and B atoms. In
other words, the A and B sublattices are not connected. However, each sublattice
supports identical electronic states, leading to a degeneracy (i.e. crossing) in the
band structure. The absence of gaps and therefore the existence of DPs makes

graphene a gapless semi-conductor.

2.3.3 Massless chiral quasiparticles in SLG

To study the electronic and transport properties of graphene in the low-energy
range, as the band structure shown in the middle panel of Fig. 2.3, we can simplify
Eq. (2.15) by expanding the off-diagonal matrix element, i.e. Eq. (2.14), in the
vicinity of valley K = 3%7;(1, 0). We define p as the momentum measured from

the point K point, i.e. p = k — K, and expand in powers p, where pa/h < 1.
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Then, to first order in p

V3a,

i) = =5

(pz — ipy)- (2.18)

Following this expansion, the contribution of sy in Eq. (2.16) appears only in
quadratic-in-momentum terms, so it is possible to neglect sy at low energy with-
out comprising accuracy ®. Then, for the first order in p, the modified eigenvalue
equation H Y = E;S7; is simplified to H Y; = E;1;, where the effective Hamilto-

nian is
H=v =vp- o, (2.19)

where T = D, +ip,, v = \/gag%/Q ~10°ms'and o = sz+ayj' is a vector consist-
ing of Pauli matrices. This 2 x 2 Hamiltonian acts in the space of two-components
wave functions describing electron’s amplitudes on A and B sublattices of honey-
comb lattice of carbons, with the basis choice (¢4, ¢p) in valley K and (¢, —¢a)
in valley K'. This choice provides us with the same form of the Dirac Hamiltonian
in both valleys.

To first order in p, the rotational symmetry and electron-hole symmetry are
recovered and the low energy band structure is a perfect cone, as shown in the

middle panel of Fig. 2.3. The eigenvalues and eigenfunctions of Eq. (2.19) are

1

1 .
— P, (2.20)
V2 s

E:I:::tvlp|7 ¢:|: =

where ¢ is the polar angle of momentum p, p = |p|(cos(y), sin(¢)). As shown in

Fig.2.3, this linear dispersion, £ = 4-v|p| is valid in £ < 2eV 6.

>The Taylor expansion of Eq. (2.16) is E4 (k) = e+ §a|k‘\(’yo+62pso)ia2k2 (Yo+e€2pso)(6so+
cos(36)), where i = 1, 6 is the direction angle of momentum. In the case of ez, = 0, the
dependence of sy to momentum is quadratic.

6Here, actually we are in the mesoscopic region, which means the characteristic length of the
electron in this system is much longer than the lattice constant. In the discussion below, the
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The two-component structure of the effective Hamiltonian, i.e. Eq. (2.19),
and wave function Eq. (2.20) is reminiscent of the two components of spin-1/2. In
graphene, this spin-like property, i.e. the two components of the wave function has
different amplitudes but same module, is called pseudospin; however, its origin has
nothing to do with an electron’s real spin and instead merely arises from the fact
that the electronic wave vector has different amplitudes on the A and B sublattices.
In addition, the direction of the pseudospin is related to the direction of momentum
p, (i.e., the direction of p determines the distribution of the wave function on the
sublattice sites in a unit cell), which is a property known as chirality”. Pseudospin
is an intrinsic property of quasiparticles in graphene that can be manifested in

experimental measurements [7].

2.4 Tight-binding model for BLG

2.4.1 Tight-binding Hamiltonian of BLG

Bilayer graphene (BLG) consists of two SLGs stacked together. Depending on the
stacking-order configurations, BLG can either be AA-stacked or AB-stacked (i.e.
Bernal-stacked). In the former, carbon atoms of the upper layer are located on
the top of the equivalent atoms in the bottom layer. AA-stacked BLG is relatively
unstable [64-67] with respect to the mechanical displacement of the layers in re-
lation to one another. AB-stacked BLG is more stable [68], and therefore, in this
thesis, we focus on AB-stacked BLG, referring to it simply as BLG.

The schematic lattice structure of BLG is shown in Fig. 2.4. The honeycomb
crystal lattice and hexagonal Brillouin zone of BLG are the same as those of SLG.

In each unit cell of BLG, there are four atomic sites, i.e. A1, B1, A2 and B2; here,

wave length of electron (plain wave) A ~ 350 A for € = 0.35¢V is much larger than the lattice
constant of graphene a, = 2.46 A. With the decreasing of energy, this approximation becomes
more robust.

"To see this, one can calculate the expectation value of the pseudo-spin operator, (¢4 |o|t).)
with respect to the eigen function ¢4 in Eq. (2.20), where o = (0, 0y,0,) is Pauli matrices.
The result is (¢y|o|tvy) = F(cos(p),sin(p),0), which explicitly shows the relation between
pseudospin and direction pf momentum, i.e. chirality.
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Y4 V4
V3
Al vy BI

Figure 2.4: Schematic of the crystal lattice with Slonczewski-Weiss-McClure param-
eterization [55-57], in which dimer site A2 sits directly above site Bl in AB-stacked
order. The solid lines between different atomic sites here represent different hopping
parameters.

index “1” refers to the bottom layer, whereas index “2” refers to the top layer.
In BLG, site A2 sits directly above site B1, and the distance between layers is
d=33A [53], which is longer than the lattice constant a, = 2.46 A, as shown in
Fig. 2.4.

In the tight-binding model, we use the basis of Bloch wave function (a1, ¢p1,
G2, Opo) for valley K and (¢p1, —¢a1, ¢p2, —¢a2) for valley K', this choice
provides us the same form of the Dirac Hamiltonian in both valleys. If we keep
the transfer integral of intralayer and interlayer nearest-neighbour sites, and only
keep the overlap integral of intralayer nearest-neighbour sites, the Hamiltonian of

BLG can be written as [54, 68-70]:

€2p —”Yof(k) —74f(k7) —’Y3f*(k3)
A —vof* (k) €2p M —71f (k) . (2.21)
—vaf*(k) T €2p —of (k)

—v3f(k) —uf (k) —vf* (k) €2p

In the above Hamiltonian, the upper-left /lower-right blocks describe the intralayer
behaviour of bottom layer (A1l - B1)/top layer (A2 - B2). The off-diagonal blocks

describe the interlayer hopping. Fig. 2.4 shows a schematic sketch of atomic sites
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connected by each parameter. In Eq. (2.21), f(k) describes the phase factor ac-
quired by hopping to nearest-neighbour sites in the same layer, v describes in-
tralayer hopping, v, describes vertical interlayer hopping, v3 and 74 describe the
skewed interlayer hopping. Once we know the value of parameters vq, 71, 3 and

74, the band structure of BLG is known ®.

2.4.2 Hierarchy of parameters

From the above tight-binding Hamiltonian, we observe that the addition of more
atomic sites in the basis introduces more ways to hop between atoms, requiring
additional tight-binding parameters. Therefore, in this subsection, we will present
a systematic introduction to the tight-binding parameters of graphene.

As graphene is essentially one layer of graphite, commonly-used parameter sets
for graphite are suitable for graphene. The most well-known example is the afore-
mentioned Slonczewski - Weiss - McClure parameters [55-58]. The connection
between the tight-binding parameters and those of the Slonczewski - Weiss - Mc-
Clure model is discussed in [60]. Throughout this thesis, all values of hopping
parameters of graphene are taken from Slonczewski - Weiss - McClure parameters
[58] unless otherwise stated. Definitions and values of the hopping parameters
in this model, as well as their influence on the band structure of graphene, are
summarized in Table. 2.1.

The onsite energy ey, of an atomic 2p, orbital is not necessarily zero, but its
effect is only to shift the entire band structure with respect to the zero of energy.
In a practical experiment, such a shift could be achieved using a gate voltage.
Throughout this thesis, the onsite energy is set to zero, unless otherwise stated,
because this does not lead to a loss of generality.

Parameter g, defined in Eq. (2.13), accounts for intralayer hopping between

80ne may wonder, why sq in the effective Hamiltonian of SLG is absent in BLG (and further
TLG). The reason is that the main effect of s is to cause asymmetry between conduction and
valence band, and this effect can be absorbed into 74 effect (as we shall see in the later sections). It
is not necessary to keep sg further in multi-layer graphene, but SLG does not have v, parameter,
so sp is necessary for SLG.
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nearest neighbours.

The simplest model describing multilayer graphene employs only one addi-
tional parameter 7y, which describes vertical hopping between the closest inter-
layer atomic sites, those are directly above or below one another. Such sites, e.g.
B1 and A2 in Fig. 2.4, are referred to as dimer sites. Their coupling by parameter
~1 results in the energy bands associated with their orbitals being shifted away
from zero energy by 4.

In general, the parameters vy and 7, are the dominant parameters that con-
tribute to the tight-binding model of graphene multilayers. Depending on the level
of approximation required, other parameters can be treated as a perturbation or
simply neglected. As they are relatively small, when considering parameters other
than ~y and 7, it is usually possible to consider them individually. One exception
here is that other parameters can significantly change the band structure at very
low energy (i.e. F < 7).

The skewed interlayer hopping parameter 3 connects non-dimer sites (e.g. Al
and B2 in BLG, Fig. 2.4), and its magnitude is the third highest among the given
parameters. This parameter’s physical effects include: (a) the trigonal warping
effect in BLG, explained in Section 2.4; (b) its significant impact on the transport
properties of graphene, which is described in Section 6.4 and (c) its interesting
interactions with parallel magnetic fields, which is introduced in Section 5.2.

Amongst all the nearest interlayer hopping parameters, parameter -, is rel-
atively weak as it describes skew interlayer hopping between dimer and non-
dimer sites. Furthermore, it provides electron-hole asymmetry, as discussed in
Section 2.4.3 and Ref. [19]. In what follows, the effect of v, is omitted unless
otherwise stated.

For completeness and convenience, we next describe two additional parameters
that only occur in multilayer graphene for layers n > 3. These parameters are
next-nearest interlayer vertical hopping parameters ~v; and ~s.

The simplest graphene material which includes 7, or 5 is trilayer graphene
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(TLG) whether ABC-stacked as described in Section 2.5.1 or ABA-stacked as
described in Section 2.5.2. The presence of 75 in TLG-ABC leads to a Lifshitz
transition (will be explained later) [63], though there is no 5 in TLG-ABC. The
existence of v5 and 5 in TLG-ABA leads to a gap formation in the dispersion.
There is one point for parameter v, and 75 to be mentioned. In graphite,
there is (at least, approximately) translational invariance in the z direction. So
each layer of graphite always has two next-nearest neighbor layers, 5 and 5 are
used to describe this interlayer hopping. But in TLG, top (bottom) layer only
has one next-nearest neighbor layer, so a intuitive way of counting this effect is
to introduce a 1/2 coefficient to 72 and 75, as we will see in the later sections. A

detailed discussion about this can be found in [58] and[136].

2.4.3 Effective Hamiltonian of BLG

With the tight-binding Hamiltonian of BLG, i.e. Eq. (2.21) [68] and parameter
values from Ref. [136], we can plot the band structure of BLG in the Brillouin

zone, as shown in the left panel of Fig. 2.5.

Figure 2.5: (Left) The band structure of BLG in momentum space, the hexagon in the
centre of the bands is the first Brillouin zone. Among the four bands, the transparent
two bands represent low-energy dispersion, which touch one another. The other two
opaque bands represent the high-energy bands, which are separated from one another
by energy scale ;. All four bands are quadratic dispersion except in low energy. (Middle)
Quadratic Dirac cone of the non-dimer site of BLG around the K valley. (Right) The
trigonal-warping of bands of BLG (Lifshitz transition [63]) in the vicinity of zero energy.
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Within this model, the band structure of BLG features four bands. At the
corners of the Brillouin zone, i.e. at K and K’ valleys, two of the four bands are
separated by 71, whereas the other two bands touch one another. To investigate the
behaviour of electrons in the vicinity of points K /K’ it is convenient to expand
the phase factor term f(k) in Eq. (2.21) to yield the resulting Hamiltonian on the
basis Al, B1, A2 and B2, i.e.

0 ort uat uvsw

T 0 v vgit

S
I

, (2.22)
mT M 0 vt

vt wm o 0

where v; = \/§ag%- /2 are the velocities corresponding to each of the hopping
parameters, vg = v. Note that Bloch wave function is on the basis of (¢41, ¢p1,
G a2, ¢po) for valley K and (¢py, —da1, ¢pa, —Pas) for valley K'. The diagonal
elements (i.e. those describing the onsite energy) are set to zero. Here, 7 ~ 0.17q
[55-57] describes hopping between the nearest interlayer sites, which sits directly
above one another (e.g. A2-Bl). Furthermore, v3 ~ 0.17, (A1l-B2) represents
skewed interlayer hopping as does 74 ~ 0.017y (A1-A2 and B1-B2) [55-57].

The simplest model of BLG, which only includes the dominant parameters g

and v, has a dispersion relation describing the four bands as

1
E =s171/2+ 525\/7% + 4k%202%, sy, s9 = +1. (2.23)

This dispersion shows a linear dispersion in the large momentum region ~, >
vk > ~; and quadratic dispersion in the low momentum region vk ~ ;.

Among the four BLG bands, the energy of the two dimer sites (i.e. B2, Al)
is lifted by vertical hopping 74, so their bands are also separated by ~; as shown
in the left panel of Fig. 2.6. Therefore, to study behaviour near zero energy, i.e.

E < 71, we can perform a Schrieffer-Wolff transformation [61, 62] on Eq. (2.22)
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Figure 2.6: (Left) The low-energy band structure of the tight-binding Hamiltonian
of BLG with Eq. (2.22) in blue and Eq. (2.24) in black for k, = 0 and v3 = vg = 0.
(Middle) The low-energy band structure of BLG, i.e. Eq. (2.24), for k, =0 and vy =0,
vz = 0.1v (blue) and vs = 0 (black). (Right) The low-energy band structure of BLG,
i.e. Eq. (2.24), for k, = 0 and v3 = 0, v4 = 0.01v (blue) and v4 = 0 (black).

to eliminate components describing the two dimer sites, and obtain a simplified

two-component Hamiltonian?, i.e.
L[ 0 a2 0 # \ ouwiz( 1 0
A &0 7y 0 g 01

where m = 7, /2v? ~ 0.032m, is the effective mass of quasiparticles in BLG and
m. is the rest mass of the electron. Note that the basis is (¢a1, ¢p2) for valley
K and (¢p2,—¢a1) for valley K'. This Hamiltonian describes a massive charge
carrier, and its dominant dispersion relation is quadratic. In the absence of ~3 and
74, the eigenvalue and eigenfunction of effective 2 x 2 Hamiltonian (Eq. (2.24)) are
2 1
P 1 :

Ei = :|:—, ¢:ﬁ: = — ezp.r’ (225)
m V2 | ez
where ¢ is the polar angle of momentum p, p = |p|(cos(), sin(¢)). The dispersion

is shown in the middle panel of Fig. 2.5 and the left panel of Fig. 2.6.

9The idea of Schrieffer-Wolff transformation is to project the effect of unnecessary state on to
the favored state. One can consider this process as solving several simultaneous equations, elim-
inate unnecessary variables and derive an expression of favored variables. This transformation
itself is exact, but some approximation can significantly simplify the process and result. Here, for
BLG, the favored state is the low-energy state Al and B2, the effect of dimer state B1 and A2
are projected onto the low-energy state. In this process, an approximation vy; > E, vp, vsp, v4p
is used.
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The dispersion relation containing 73 (74 is set to zero to emphasize the effect

of v3) [71] is

p? P\
E:I: =+ U§p2 — ’Ugg COS(SQO) + (%) y (226)

where ¢ is the polar angle of the electron’s momentum.

The above equation describes three-fold rotational symmetry. Fig. 2.5 shows
the dispersion of the effective Hamiltonian.

In the very low energy region, the effect of v3 becomes increasingly important.
When E ~ $y173/7? ~ 1meV, the bands will split into four pockets, as shown
in the middle and right subplots of Fig. 2.5. This phenomenon is called Lifshitz
transition [63] and is discussed in detail in Chapter 5; its impact on transport
properties is described in Chapter 6. Note that the asymmetries (along the x-axis)
in the middle and right subplots of Fig. 2.6 are due to the trigonal warping of ;.

Trigonal warping in BLG originates from the interference of the matrix elements
connecting Al - B2 sites as follows: the path Al - B1- A2 - B2 yields a phase factor
e?™ and the direct path Al - B2 via 73 yields e~". The difference between these
phase factors causes the trigonal warping effect in the low-energy band structure
of BLG, as shown in the right panel of Fig. 2.5.

As shown in the right panel Fig. 2.6, the existence of 74 ~ ~3/100 produces
asymmetry between electrons and holes [19]. Because this phenomenon is very

weak and negligible, we ignore terms containing 4 in the future discussion.

2.5 Tight-binding model of TLG

A system with three graphene layers is known as trilayer graphene (TLG). There
are two distinct stable arrangements, i.e. ABC and ABA. In the subsection that
follow, we will discuss TLG-ABC and TLG-ABA.
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Figure 2.7: Schematic of the crystal structure of TLG-ABC. Dimer site A2 sits directly
above site B1, site A3 sits directly above B2 and there is next-nearest layer hopping
between sites B3 and Al.

2.5.1 Band structure of TLG-ABC

TLG-ABC has the same Bravais lattices and reciprocal lattices as those of SLG.
As shown in Fig. 2.7, the unit cell of TLG-ABC consists of six atomic sites rather
than two; these six sites are labelled A1, B1, A2, B2, A3 and B3, where index “1”
represents for the bottom layer, “2” represents the middle layer and “3” represents
the top layer. The interlayer distance between layers d = 3.3 A is the same as that
of BLG. Sites A3 and B2, as well as A2 and B1 sit directly above one another in
the nearest-layer, whereas sites B3 and Al sit directly above one another in the
next-nearest-layer.

Generalizing the procedure for SLG and BLG, we can write the tight-binding
Hamiltonian of TLG-ABC using a basis of 2p, orbitals on atomic sites Al, B1,
A2, B2, A3 and B3. The Hamiltonian of TLG-ABC can be written on the basis of

Bloch wave function (¢a1, ¢p1, ¢a2, ¢B2, Pas, ¢p3) for valley K and (¢pp1, —¢ai,
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®B2, —Pa2, OBs, —¢A3) for valley Kl, as [19]¢

ep  —f(k) —yf(k) —ysf*(k) 0 V2/2
—0f* (k) e 7o —af(k) 0 0
i —nuf*(k)  m cp  —f(k) —yaf(k) —3f"(K) (227)
=3 f(k) —vaf*(k) —f*(k) e 7o —af(k)
0 0 —uf'k) m e —0f(K)
V2/2 0 —wiflk) —nuf(k) =/ (k) ey

Here, we adopted the Slonczewski - Weiss - McClure parameters [55-57] typically
used to describe bulk graphite. Furthermore, 73 ~ 0.17y [55-57] describes the
hopping between nearest interlayer sites, which sit directly above one another (i.e.
A2-B1 and A3-B2); v3 ~ 0.1y (i.e. A1-B2 and A2-B3) and 4 ~ 0.017 (i.e. Al-
A2, B1-B2, A2-A3 and B2-B3) describe the skewed interlayer hopping [55-57].
A new parameter of TLG-ABC is 7, ~ —0.005vy, which describes the hopping of
electrons between sites in the top and bottom layers. With this new parameter

value, the band structure is plotted in Fig. 2.8.

Figure 2.8: (Left) The band structure of TLG-ABC in momentum space; the hexagon
in the centre of the bands is the first Brillouin zone. From the six bands, the two
transparent bands exist due to the low-energy bands touching one another. The other
four opaque bands are separated from one another by energy scale 2y;. (Middle) Cubic
Dirac cone due to around the K valley. (Right) The trigonal-warping effect in TLG-ABC
(i.e. a Lifshitz transition) in the vicinity of zero energy.

Because the model represented by Eq. (2.27) includes six orbitals in the unit
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cell, the band structure of TLG-ABC features six bands. In the corner of the Bril-
louin zone, i.e. at the K and K’ valleys, four of the six bands are approximately
separated by <1, whereas the other two touch one another. To investigate the be-
haviour of electrons in the vicinity of points K /K’ it is convenient to expand the

phase factor term f(k) in Eq. (2.28) with the resulting Hamiltonian determined
as [19]

0 vl wat g7 0 /2
v 0 v vt 0 0

mT M 0 vt wRt v

el
I

: (2.28)

vsit wm uE 0 v vgst

0 0 wm mm 0 vt

/2 0 wsAl v vR 0

where v; = \/gag% /2 are the velocities corresponding to each hopping parameter
and vg = v. The diagonal elements (i.e. those describing onsite energy) are set
to zero. Among the six bands of TLG-ABC, four bands are separated by 2vq, as

shown in the left panel of Fig. 2.9.
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Figure 2.9: (Left) The low-energy band structure of the tight-binding Hamiltonian
of TLG-ABC Eq. (2.28) in blue and Eq. (2.29) in black for ky, = 0, 72 = 0 v3 = 0
and vy = 0. (Middle) The low-energy band structure of TLG-ABC, i.e. Eq. (2.29) for
ky =0, v3 =0 and vg = 0, where 72 = —0.0057y (blue) and v = 0 (black). (Right) The
low-energy band structure of TLG-ABC, i.e. Eq. (2.29) for k, =0, 72 = 0 and vy = 0,
where v3 = 0.1v (blue) and vz = 0 (black).

As shown in Fig. 2.9, the simplest model that includes only 7y and v, is gen-

erally a good description for most of the energy region. To study the behaviour
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around zero energy, i.e. £ < 1, we can perform a Schrieffer-Wolff transformation
(61, 62] on Eq. (2.28) to project the effect of the four dimer sites onto the two

non-dimer sites, thus obtaining a simplified two-component Hamiltonian [19] as

| W

. 0 3 01
o= + (ﬁ - %218) . (2.29)
T 30 2 M

Parameter v, only provides a trivial asymmetry between electron and hole, there-
fore we omit it for simplicity. As shown in the left panel of Fig. 2.9, in the
simplest model that includes vy and ~; only, the dispersion of Eq. (2.29) is cubic,
ie. B =v3k3/42.

In most cases, the other parameters can be considered as perturbations, espe-
cially with v3 and v introducing trigonal warping in the band structure. With a
decrease in energy as well as momentum, parameter v, dominates the behaviour
of the very low energy dispersion as it is independent of momentum k. Similar
to the effect of trigonal warping in BLG, the bands exhibit a Lifshitz transition
at very low energy. For the Lifshitz transition of TLG-ABC, the isoenergetic line
of TLG-ABC in the vicinity of point K breaks into three parts [19], whereas
that of BLG breaks into four parts. The left-right asymmetry in the middle and
right subplots of Fig. 2.9 is due to the effect of trigonal warping. Note that the
effect that the Lifshitz transition has on the band structure of BLG and TLG
is discussed in Chapter 5, and the effect that the Lifshitz transition has on the

electronic transport properties of BLG and TLG is described in Chapter 6.

2.5.2 Band structure of TLG-ABA

TLG-ABA has the same Bravais lattices and reciprocal lattices as that of SLG.
The unit cells of TLG-ABA consists of six atomic sites rather than two; these six
sites are labelled Al, B1, A2, B2, A3 and B3, where index “1” represents the
bottom layer, “2” represents the middle layer and “3” represents the top layer.

The interlayer distance between layers d = 3.3 Ais the same as that of BLG. As
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shown in Fig. 2.10, in TLG-ABA, sites B1, A2 and B3 sit directly above one
another, i.e. there is a mirror reflection symmetry with the respect to the central

layer of TLG-ABA.

A3 B3
B 43 B3 A3 &
A3 B3 5
Y1
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4— Y2
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B Y2 ; Y3
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Figure 2.10: Schematic of the crystal lattice of TLG-ABA in which dimer sites A2 sit
directly above site B1, B3 sit directly above sites A2 and there are two pairs of next
nearest layer hoppings between sites B3-B1 and A3-Al.

The crystal structure of TLG-ABA is shown in Fig. 2.10. Following the same
procedure as in previous sections, the Hamiltonian of TLG-ABA can be written
on the basis of Bloch wave function (¢a1, ¢p1, Pa2, Op2, Pas, ¢ps) for valley K

and (¢Bla —®a1, B2, —Pa2, PB3, —¢A3) for valley K’ [78_8O]>

cp  —f(k) —yuf(k) —wf(k)  72/2 0
—0f*(k) ey 7o —af(k) 0 V5/2
P A Bl e —f(k) —uf(k)  m - (2:30)
—3f(k) —uf*(k) =0/ (k) ep  —f(k) —uf"(k)
2/2 0 —uf(k) —wuf (k) e  —nf(k)
0 V5/2 no —ufk) —nfT(k) ey

Here, we adopted the Slonczewski - Weiss - McClure parameters [55-57] typically

used to describe the bulk graphite. Each 2 x 2 diagonal block describes the inter-
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layer behaviour of the bottom layer (Al - B1), the middle layer (A2 - B2) or the
top layer (A3 - B3). The off-diagonal blocks describe the interlayer hopping.

The diagonal elements (i.e., those describing onsite energy), are set to zero.
Here, 71 ~ 0.179 [55-57] describes the hopping between nearest interlayer sites,
which sit directly above one another (i.e. A2-B1l and B3-A2). Parameters v3 ~
0.1y (i.e. A3-B2 and A1-B2) and v, ~ 0.01y (i.e. Al-A2, B1-B2, A2-A3 and
B2-B3) describe the skewed interlayer hopping [55-57]. The new parameters in
TLG-ABA are v, ~ —0.0059, and -5 =~ 0.002vy, which describe the hopping
of electron between sites in the top and bottom layers, respectively. The band

structure of TLG-ABA Hamiltonian Eq. (2.30) is plotted in Fig. 2.11.

Figure 2.11: (Left) Band structure of TLG-ABA in the tight-binding model. (Right)
Band structure of TLG-ABA in the vicinity of the K valley.

Because the model includes six orbitals per unit cell, the band structure of
TLG-ABA features six bands. In the corner of the Brillouin zone, i.e. at the K
and K’ valleys, two of the six bands are approximately separated by roughly 7,
whereas the other four approach zero energy.

To investigate the behaviour of electrons in the vicinity of points K and K’

point, it is convenient to expand the phase factor term f(k) in Eq. (2.30). Doing
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so, the resulting Hamiltonian [78-80] is

0 vt ot v v/2 0
ous 0 1 owRt 0 s/2
A muT oy 0 vl wr v
i = ! L (2.31)

Y LIRTYY Y 0  wsat wgw

Y2/2 0 vt vgR 0 vit

0 /2 71 wAl wr 0

where v; = \/gag%- /2 are the velocities corresponding to each hopping parameter,
vo = v. The diagonal elements (i.e., those describing onsite energy) are set to zero.

Because TLG-ABA has mirror reflection symmetry, using a unitary transfor-
mation, we can separate odd wave functions 41 — ¥a3, ¥p1 — ¥p3 from even
wave functions 41 + ¥ a3, ¥B1 + VB3, Y2 and 1¥ps. The resulting Hamiltonian of

TLG-ABA can then be expressed as

A

. H, 0 R —v9/2 vt
= S P ,
0 M, vt =5/ 2
Y2/ 2 Voust = 2uat Oyl
R V2ugit 0 v —\V2u47
H, = . (2.32)
—V2uim vt 0 V27
v =2t V2 ¥s/ 2

This transformed Hamiltonian of TLG-ABA is block-diagonal. The upper-left 2 x 2
block ﬁo is on the basis of odd wave functions ¥ 41 — a3, ¥p1 — g3, and it is
similar to a gapped Hamiltonian of SLG. The size of the gap is (72 — 75)/2. The
lower-right block H. is on the basis of a1 + Va3, ¥, Va2 and Vg, + Vg3, and
it is similar to gapped BLG. Therefore, as shown in Fig. 2.12, we can expect the
band structure of TLG-ABA features SLG-like and BLG-like parts [80].

As shown in the left plot of Fig. 2.12, a simple model containing only v, and

~v1 produces SLG-like and BLG-like bands. The two next-nearest layer vertical
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Figure 2.12: (Left) The low-energy band structure of the tight-binding Hamiltonian
of TLG-ABA, i.e. Eq. (2.32) for ky, =0, 72 = 75 = 0 and vz = v4 = 0. SLG-like bands
(black) and BLG-like bands (Blue) are explicitly shown. (Right) The band structure of
TLG-ABA, ie. Eq. (2.32) for k, = 0, and v3 = v4 = 0, where the black line represents
v2 =~ —0.0057p and the blue line represents v = v5 = 0.

hoppings 2 and 5 open a gap in both the SLG-like and the BLG-like bands, as

shown in the right inset of Fig. 2.12.

2.6 The quantum Hall effect in graphene

2.6.1 Graphene in a magnetic field

When a perpendicular magnetic field is applied to graphene, a hierarchy of physics
phenomena will emerge as the magnitude B = |B| of the magnetic field increases
[51]. Such phenomena include:

(1) When the magnetic field is relatively weak, i.e. when B is less than several
Tesla, the cyclotron radius is greater than the mean free path, meaning electrons
are unable to complete a circle, and the Bohr-Sommerfeld quantization rule cannot
be observed. Therefore, one will observe the classical Hall effect.

(2) Then, on increasing magnetic field B > 10T, (temperature 7' < 80 K) the
radius of a cyclotron orbit shrinks and become less than the free mean path. The
cyclotron orbit completion makes the Bohr-Sommerfeld quantization rule applica-
ble and Shubnikov-de Haas oscillations will appear [73-75].

(3) When the magnetic field is large enough, B > 14T, (temperature T <
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4K) to distinguish the cyclotron energy levels, the integer quantum Hall effect is
observed. The cyclotron energy levels are the so-called Landau levels [72]. Here,
the Hall conductivity displays an integer plateau with an increase in carrier density.

(4) If the magnetic field increases further (B > 45T), the degeneracy of elec-
tronic spin is lifted, each Landau level is split, and the Zeeman effect appears.
One observes more integer plateaux and more filling factors in the carrier density-
magnetic field diagram (fan diagram) [188].

(5) When the magnetic field is huge (i.e. B ~ 10°T), the amount of magnetic
flux threading each unit cell becomes a significant factor. The periodic potential
of the crystal imposes a translational symmetry on the wave function in addition
to the magnetic vector potential, and their superstition determines the transla-
tional symmetry of the electronic wave function in a crystal in a magnetic field.
In principle, the measurements of this system adhere to a fractional Hall effect,
but the strength of the magnetic field required is generally too high to realize in
practice. To observe this type of fractional Hall effect in a feasible magnetic field
(B ~30T), we can utilize a superlattice, either by creating an artificial lattice or
by employing a moiré pattern. The quantum Hall effect of a graphene superlattice

is discussed in detail in Chapter 3 and 4.

2.6.2 Landau levels of graphene

Electrons in a perpendicular magnetic field follow cyclotron orbits, and their energy
is quantized into separate levels known as Landau levels (LLs). The LLs are
manifest in quantum oscillations such as the de Haas-van Alphen effect and the
Shubnikov-de Haas effect in a low magnetic field as well as in the quantum Hall
effect [73-75].

In a conventional two-dimensional electron gas (2DEG), the LL energy is F,, =
we(n +1/2), where n is a non-negative integer and we = eB/m, is the cyclotron
frequency of electrons. In such systems, the lowest LL energy Ey = w¢/2, also

known as the “zero-point energy”, depends on the magnitude of the magnetic
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Figure 2.13: (Left) LL quantization of a Dirac cone, where the transparent cone is
the dispersion of SLG in the absence of a magnetic field, and the embedded circles on
the cone represent the discretized cyclotron energy levels. (Middle) The LL spectrum of
SLG [71], in which each level follows E  n+v/B, where the magnetic field B is measured
in natural units. (Right) The LL spectrum of BLG [71], in which each level follows
E « nB, where magnetic field B is measured in natural units.
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Figure 2.14: The distribution of the wave function corresponding to the zeroth LL
SLG (left) and BLG (right) graphene in a perpendicular magnetic field in real space.
The blue and black dots, respectively, represent non-dimer sites A and B in SLG and
A; and B, in BLG, whereas the red dots represent dimer-sites By and Ay. The solid
line represents intralayer hopping. When B > 0, all wave functions concentrate on one
atomic site in the zeroth LL of graphene.
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field. In contrast, the LL spectrum in graphene has a zero energy level, which
is independent of the magnetic field. Note that this is a characteristic feature of
the Dirac cone and can be taken as originating from the unique Berry phase of
graphene, as discussed in Section 2.7 and Appendix I.

In a magnetic field perpendicular to the graphene sheet, i.e. B = (0,0, —B), we
can use the vector potential in the Landau gauge* A = (0, —Bx,0). The secular
momentum of the electron in a magnetic field is expressed by Peierls substitution
83, 109, 112] ! p — p + eA, where the charge of the electron is —e. Then,
operator 7 in the Hamiltonian of Eq. (2.19) becomes a “lowering” operator for
Landau functions (with a constant factor Ag). By solving the equation ¢y = 0,
we obtain an expression for the Landau wave function as 2

1 €T 2 )
oi(x,y) = AH, __py)\B exp |—= | — —pyAs | +ipyyl|, (2.33)
)\B 2 )\B

where A; = 1/4/24!\/m, H, are Hermite polynomials of order [ and Ag = \/1/|eB].

Accordingly, the action of lowering and raising operators is given by
. \/_ 2i . V2i
oy = \fcbz v o= Vi Lo (2.34)
B

From the above equation, the LLs and their wave functions can be solved from

10WWe can choose the other gauge, because gauge invariance does not mean that the Hamilto-
nian or the wave function do not change. The gauge inveriance refers to the invariant physical
observables, such as the energy, probability. Here, Landau gauge is a relatively easy gauge to
keep translational invariance.

1 The precondition of applying Peierls substitution is that the magnetic length X is much larger
than lattice constant. For example, B = 10T, A = \/h/(eB) ~ 800 A>> a, = 2.46 A.

12Here, this state is also called “magnetic oscillation state”. Because once we choose gauge
that keeps the translational invariance on y direction, the form of the wave function is a product
between a plain wave and a harmonic oscillator. Of course, by choosing another gauge (such as
cylindrical gauge), the wave function is still in a magnetic oscillation form, but with an awkward
mathematics, a 2D Harmonics.
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Eq. (2.19) in the absence of 73 and =4 as following,

2 1
El,i - :i: )\ U, wl,:‘: = 7 ¢l 5 fOI' l 2 17
B 2 Fid1
¢
Ey=0, vo=| |, fori=o0. (2.35)
0

Similarly, based on Eq. (2.24), we can solve the LL and corresponding wave func-

tions of BLG in a magnetic field as

1 1
By =+——0Il—1), the=— L
mA V2 TP
E =0 = # . forl=0,1. (2.36)
0

Fig. 2.13 shows both the LL spectra of SLG and BLG. By carefully considering the
wave functions corresponding to the zeroth LL of SLG () in Eq. (2.36), and the
zeroth and first LL of BLG )y and ; in Eq. (2.36), we can note that there is only
one non-zero component. Remember that the basis is (¢ a1, ¢p2) for valley K and
(pB2,—da1) for valley K'. Tt means that, when the direction of the magnetic field
is downward (B = (0,0, —B)), the wave function is located on the Al site at the
K valley. Conversely, as shown in Fig. 2.14, the wave functions are concentrated
on the B2 site at the zeroth and first LL at the K’ valley. Once the direction
of the magnetic field is flipped (i.e. B = (0,0, B)), the location of the electron
wave function switches to the other sublattice. For the K valley, all of the wave
function concentrates on B213.

The interaction between the periodicity of two-dimensional materials and the

vector potential is discussed in Chap. 3 and 4. The corresponding effect on the

13Tt seems peculiar that only one component is non-zero in zeroth LL wave function, as this
implies that the electronic distribution in real space will be different. But consider that there
are two valleys simultaneously, and each valley holds zeroth LL wave function on one sublattice,
so this does not break symmetry.
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localization of the wave function at zero energy is discussed in detail in Chap. 4.

2.7 Berry phase of graphene

In general, the Berry phase (i.e. geometrical phase) arises because an eigenstate of
a Hamiltonian acquires an additional phase after it revolves around a loop in an
external parameter space [91]. In the context of graphene, the Berry phase refers
to the phase factor acquired by an eigenstate of the Hamiltonian after it completes

4

a full cyclic adiabatic process!* in momentum space at fixed energy in the vicinity

of the DP, as schematically shown in Fig. 2.15.

Figure 2.15: A schematic of graphene’s Berry phase in which the blue cone is the
band structure around the K valley of the DP in momentum space and the circle in
the conduction band is the isoenergetic line. Note that an electron that completes a full
circle along the isoenergetic line will acquire additional phase factor 7.

The Berry phase I' is given by [92]

P =i § 0 (p(0) S ulp(o)i (2.37)

14The terminology adiabatic process is firstly used to describe the approximation in atomic
physics, because of the significant mass difference between nucleon and electron, the relative
movement of nucleon with respect to electron can be ignored. In thermodynamics, adiabatic
means free of heat exchange. In quantum mechanics, it means free of change of energy state.

49



For example, we consider the eigenfunction of SLG in Eq. (2.20) as

1 1 .
Ey = :i:Ulp‘, ¢i = = ezp.r7
V2 el
where ¢ is the polar angle of momentum p, p = |p|(cos(¢),sin(y)). Substituting

the above eigenfunction of SLG into Eq. (2.37) yields

. 10p Op or B

If we define I' € [0, 27), the above equation provides a non-trivial phase factor ,
which further indicates that, after evolving along a closed contour path around
the DP in momentum space, the eigenfunction in Eq. (2.20) of SLG acquires an
extra phase factor 7.
In the case of gapped SLG, the Hamiltonian is
. A2 vRt
H = , (2.39)
v —A/2
where A is the gap size. The Berry phase will be less than 7, the difference as
compared to perfect graphene depends on the size of the gap.
Similarly, we can calculate the Berry phase for the simplest model of BLG (i.e.
Eq. (2.24)) or TLG (i.e. Eq. (2.29)) at low energy, and they give 2r and obtain
3m respectively. Further discussion regarding the Berry phase can be found in

Appendix 1.
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Chapter 3

Magnetic minibands in SLG with

a hexagonal moiré superlattice

3.1 Introduction

In this chapter, we consider a superlattice that is created when graphene is placed
on top of hexagonal boron nitride (A-BN). We will discuss its band structure,
quantum Hall effect and magnetic energy spectrum.

We begin by describing the origin of the “Hofstadter butterfly” with a simple
model. Next, we describe the more complicated moiré superlattice of graphene,
and then discuss its band structure in the absence of a magnetic field as well as

its butterfly spectrum in a finite magnetic field.

3.1.1 Origin of the Hofstadter butterfly spectrum

As shown in Fig. 3.1, the “Hofstadter butterfly” spectrum is an interesting and
beautiful phenomenon. It was first introduced by D. Hofstadter in 1976 [83].
Because it is one of the few fractal patterns! generated from physics rather than

mathematics, it has since inspired many physicists [81, 107, 108].

LA fractal is a natural phenomenon or a mathematical set that exhibits a repeating pattern
which is displayed at every scale or iteration. The statistical index of complexity or space-filling
capacity of a fractal pattern can be measured by its fractal dimension D, which is not necessarily
an integer. See Appendix A for more details.
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Figure 3.1: The fractal spectrum of an electron on a square crystalline lattice in a
magnetic field, where the horizontal axis has units of & = ¢/¢g, i.e. the magnetic flux
threading a unit cell of the crystal, and the vertical axis represents energy E in terms of
a natural unit Ey. Each point of this plot is an eigen energy calculated by diagonalizing
the Hamiltonian matrix for given «, a location of Brillouin zone (here is I' point). The
fractal dimension of this plot is D = 1.70017. The Figure was generated numerically as
described in the main text.

The fractal Hofstadter butterfly spectrum can be generated by considering a
two-dimensional square lattice with lattice constant a, as shown in the top panel
of Fig. 3.2. This system can be described by a simple Hamiltonian of the tight-

binding model:

H= Ztcjcj + h.c., (3.1)
(:)

where ¢ is the transfer integral between neighboring sites located at R; and R;,

T

i.e. t is the (isotropic) hopping parameter, ¢;(c}) is the annihilation (creation)
operator of site r; = m;a + yn;a and m;, n; € Z.

By applying a perpendicular magnetic field B = (0,0, —B) and vector potential
A = —B(0,x,0), the Peierls substitution k — k — eA shows that ¢ depends on

the relative position of the two sites 0 = R; — R;:
t— tefieA-éR — tefieBmia-(njafnia) — teiﬁﬂ'mia

, (3.2)
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Figure 3.2: An electron in a square lattice in a magnetic field, B = 2B, A = B(0, z,0).
The pink rectangles indicate the area of a unit cell. The arrows represent hopping
between different sites, and the value of the transfer integral between different sites in
zero magnetic field is t. (Top) Zero magnetic field, the unit cell area is a® and the transfer
integral between different sites ¢ is isotropic. (Middle) Magnetic field B = ¢g/(2a?), so
the Peierls substitution introduces an additional phase factor e~ where z = ma
is the coordinate of the site. Here te ""("m+2) — te=i"™ and the unit cell contains

two sites. (Bottom) Magnetic field B = ¢op/(ga?), the unit cell contains g sites, and
te—iQﬂ(m—‘rq) — te—i2mm
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where n; = n; £ 1 represents neighboring sites of the square lattice, o = ¢/¢y,
¢ = a*B is the magnetic flux threading a unit cell, and ¢y = h/e is the flux
quanta. This means that, in a magnetic field, the hopping parameter ¢ depends on
the coordinate m;a. As shown in the middle and bottom panels of Fig. 3.2, once

qo = p, where p,q € Z, translational symmetry is recovered, i.e. et?m(mitaa —

e:l:i27rmioz )

Therefore, we obtain the relation

a= (3.3)

P_9
q ¢
which suggests that once the ratio between magnetic flux threading a unit cell and
flux quanta is a rational number p/q, the translational symmetry of an electron in a
square lattice in a magnetic field is recovered but reduced by ¢ times. In this case,
the unit cell is enlarged ¢ times as shown in Fig. 3.2. Then, using the tight-binding
model introduced in Chapter 2, we can build a ¢ x ¢ Hamiltonian matrix to describe
a ¢-times enlarged unit cell. The eigenenergies of the bands can be obtained by
diagonalizing the matrix for a given point in the magnetic Brillouin zone. By
mapping the eigen energy for the rational value p/q, the butterfly spectrum can
be built as shown in Fig. 3.1. Further details of this calculation are given in
Appendix B.

Due to the nature of rational values, even a small deviation in the value of
a drastically changes the values of p and ¢, leading to a significant change in the
number of minibands?. This is the origin of the recursive structure of the butterfly
spectrum, as shown in Fig. 3.1. Furthermore, because of the intrinsic discontinuity
of rational numbers, the butterfly spectrum is also discontinuous. However, our

vision intuitively suggests that this spectrum seems continuous. This is not an

2The reason we use “miniband” here are as following: (a) The unit cell is enlarged by ¢ times
for given magnetic field strength o = p/q, so the Brillouin zone shrunk by ¢ times, i.e. a smaller
band. (b) Because the unit cell is enlarged by ¢ times, thus the Hamiltonian matrix becomes
q X q dimension. Therefore, the “original band” splits into ¢ bands with smaller band width,
i.e. narrower bands. In general, we call this smaller and narrower band of electron in crystal in
magnetic field a “miniband”.
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illusion: all dots in o’ spectrum are indeed approaching the a spectrum when
o approaches a [83]. Considering that every physical parameter in a practical
experiment has uncertainty, such as magnetic field B applied to this square lattice,
the final value of a observed is smeared. This smearing eliminates the discontinuity
of the butterfly spectrum. To visualize this, we can imagine zooming out of Fig. 3.1
to obtain a low-resolution version. Also, all observable physical properties are not
determined by the specific band structure, but rather eventually depend on the
distribution of the number of states along a small but finite energy region, in which
only a slight change occurs in the variation of « [82]. Therefore, the instability
and discontinuity of the magnetic spectrum do not induce any disasters into actual
physical observations.

In general, for an electron in a periodic lattice in a magnetic field, both the
crystalline periodic lattice and the magnetic vector potential apply translational
symmetry to the wave function of the electron. The two translational symmetries
compete with one another and, once they satisfy the special relation expressed
in Eq. (3.3), the translational symmetry of the wave function can be recovered,
but it is reduced. Simultaneously, the degeneracy of eigenvalues of the Schrodinger
equation are also lifted. For specific values of the magnetic field, each original band
splits into numerous magnetic minibands. From a mathematical perspective, the
instability of the denominator and numerator of the rational number o = p/q is the
direct cause of the recursive structure of the spectrum. Translated into physical
terminology, the competition between the two distinct translational symmetries

determines the fractal butterfly spectrum.

3.1.2 Development of butterfly spectrum research

In general, by increasing the magnetic field strength, all electrons in a two-dimensional
lattice are eventually fractured into multiple bands [82, 107, 108], as mentioned
in Section 2.6.1. Since the sparsity of the spectrum increases for larger values

of the denominator and numerator in p/q (hence, smaller gaps), the observation
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of fractal magnetic bands in real crystals requires unsustainably strong magnetic
fields, e.g. B ~ 10°T for a unit cell area of S = 1 A2. Early efforts were focused
on two-dimensional electrons in periodically patterned GaAs/AlGaAS heterostruc-
tures [84], where the superimposed superlattice period was large enough, so that
the explicit fractal spectrum can be observed. More recent observations of moiré
superlattices (this terminology will be explained later), both for twisted BLG
[131, 132] and graphene residing on substrates with hexagonal facets [85], have
illustrated an alternative way of creating a long-range periodic potential for elec-
trons, i.e. by making lattice-aligned graphene heterostructures using a hexagonal
crystal with an almost commensurate period.

Furthermore, superlattice perturbations for Dirac electrons have been dis-
cussed in various different contexts, some of which pre-date the realization of the
graphene/h-BN heterostructure. Many studies have investigated the influence of
one or two-dimensional electrostatic potentials on graphene electrons [143-165],
which may be achievable using patterned gates [166, 167]. Magnetic and pseudo-
magnetic field superlattices (the latter arising from periodically strained graphene)
have also been extensively studied [152, 168-171] with steps towards experimental

realizations [172, 173].

3.1.3 My work: quantum Hall effect of the graphene su-

perlattice

In this subsection, we use the graphene/h-BN heterostructure as an example of
moiré-perturbed graphene to study magnetic minibands. When the surface layer
of the substrate is inversion symmetric ? , the zero-magnetic-field spectrum dis-
plays an interesting Dirac-like band structure at the first miniband edge [86-88].

Because this “Dirac-like” structure is not located at zero energy, but rather in

3The reason we specifically mention “inversion symmetry” is that the substrate A-BN is not
inversion symmetric. The two sublattices of h~-BN, Boron and Nitride, are different. One can not
get back to the initial kind of atomic site after a space inversion. However, this inversion sym-
metry breaking is not necessarily significant. So we firstly consider the situation that inversion
symmetry holds.
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the valence band, we denote this feature as the “secondary DP”. Furthermore,
when the magnetic flux threading a super unit cell is a rational number times the
flux quantum, i.e. B§ = poo/(q\/3a?/2), where ¢y is the flux quantum, p,q € Z
and a is the superlattice constant, we find that a hierarchy of Dirac-like electrons
systematically reappear at the edges of the magnetic minibands. The surrounding
fractal spectrum found at Bg consists of ¢-fold degenerate LLs of gapped Dirac-like
electrons in an effective magnetic field 6 B = B% — B%' As the Dirac model features
a “zero-energy” LL, separated by the largest gap from the rest of the spectrum,
the size of gap decreases between higher LLs. This feature determines a specific
hierarchy of gaps in the Hofstadter butterfly, resulting in a peculiar sequence of
dominant incompressible states of electrons in graphene-hBN heterostructures in
a strong magnetic field.

This work was performed in collaboration with others. My contribution was
the numerical calculation and a portion of the analytical evaluation, especially the

fractal spectrum in a magnetic field.

3.2 Theoretical framework: zero magnetic field

3.2.1 The moiré superlattice

Two super-positioned lattices with the same Bravais lattice structure generate
a supercell with the same lattice structure and a much larger lattice constant,
the pattern formed by the supercell is called a moiré pattern. Considering that
graphene and h-BN substrate are perfect crystals placed rigidly on top of one an-
other, the corresponding moiré pattern is shown in Fig. 3.3. This geometrical effect
can be observed, for example, using scanning tunneling microscopy or conductive
atomic force microscopy [37, 40-42, 46, 47].

Note that the larger the misalignment angle #, the smaller the superlattice

constant a. The largest superlattice constant is a = a,/d * in the case of § =

4To understand this, a simple but not rigorous way is to consider the following situation: one
lattice constant a, = 2 and the other apy = 3, their difference is § = 50%, so the commensurate
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Figure 3.3: The moiré pattern results from the superposition of two two-dimensional
substrates with similar Bravais lattices. Its period depends on the difference between
the lattice constants and misalignment angle. The plots here show that the period of
the moiré pattern decreases as the misalignment angle 6 increases.

0, where a4 is the primitive lattice constant of the layered material, here being

graphene. In this case, the superlattice vectors a,, and the lattice vectors of the

layered material a/,, are
a,=a /é a = }A‘Zgﬂm/ﬁ(ag, 0), (3.4)

where Rg is the rotation matrix of angle 6. The superlattice vectors a; and a, are
shown in Fig. 3.4. The unit of length is set to |a,,| from now on. A detailed and
insightful discussion of how to describe moiré pattern can be found in Appendix C
as well as Ref. [195].

For the graphene/h-BN heterostructure, the lattice constant of h-BN is agy =
2.50 A, and the lattice constant of graphene is ag = 2.46 A, so their difference is
0 ~ 1.8%. The period of the moiré pattern can be as long as 14 nm at misalignment

angle # = 0, which provides a periodicity several thousands times larger than

length is @ = 6 = apn /6. When the two lattice constants approximate each other, a = a4/0
holds. A rigorous discussion is given in Appendix C.
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Figure 3.4: The primitive superlattice vectors of a moiré pattern in the case of mis-

alignment angle = 0, al:a(%, @), aQ:a(_Tl, @) and unit cell area S:§a2.

graphene’s unit cell. Therefore, the fractal magnetic minibands can be observed
in sustainable magnetic fields (B ~ 10T). In the subsection below, we use this

superlattice constant (14nm at # = 0) unless otherwise stated ® .

Figure 3.5: The Brillouin zones of graphene (left) and the moiré superlattices (right),
with various highly symmetric points and reciprocal lattice vectors.

From Eq. (2.1) and (3.4), one can derive the expression of reciprocal superlattice

vector b,, as,

bm:gm_g;’n%égmv m:Oa""Ba

9, = RZFm/6(0’47T/\/§ag)’ g'/m = (1 + 5)_1gmv (35)

5The reason that we use an exact misalignment angle # = 0 can be shown in two levels.
The first reason is the magnitude of moiré perturbation p < 10meV is much smaller than the
characteristic energy scale of this system vb ~ 350 meV. We need to minimize vb to observe the
effect of perturbation, therefore the smaller b, i.e. smaller 6, is preferred. Secondly, why do
we need a exact zero 6 but not finite value? This can be justified as following. The character
of the system is determined by certain set of superlattice reciprocal lattice. If there is a finite
value of 6, the moiré pattern will be definitely misaligned with the graphene lattice in real space.
However, the Hamiltonian we use to describe graphene is Dirac Hamiltonian (Eq. (2.19)), which
is isotropic, i.e. there is no characteristic direction to compare with the directions of moiré
pattern. So even if 0 is finite, its effect is to only rescale the band structure but no additional
effect. For simplicity, we set 6 = 0.
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where g,, is the graphene reciprocal lattice vector. The six (i.e. m = 0,---5)
shortest reciprocal vectors of the moiré superlattice b,, are shown in Fig. 3.5.
The area of the Brillouin zone is Spz = b*v/3/2, where b = |b,,|. The corner of
the hexagonal superlattice Brillouin zone is denoted as (k = ((by + bs)/3, where
(==l

Then, the dominant effect of moiré perturbation on the graphene Dirac elec-
trons can be modeled by scattering processes with non-zero reciprocal lattice vec-
tors b,,. One such process is shown in the left panel of Fig. 3.5 , an electron which
is shown as a red point at graphene’s Brillouin zone corner, K, is scattered by
—g/,. By adding a graphene reciprocal vector, the moiré superlattices perturbation
provides intra-valley scattering by the simplest harmonics of moiré superlattices
(by = g, — g/, in this case). One point to be emphasized is, although the process
by = g, — g/, can be considered as a generalization of two successive scatterings,
the starting point of our Hamiltonian (in next section) is the moiré superlattice

vector. We are not relying on the direction of reciprocal lattice of graphene or

h-BN.

3.2.2 Hamiltonian of moiré perturbed graphene

To describe the low-energy (i.e. |e] < vb ~ 0.35eV) behavior of electron in

graphene/h-BN heterostructure, we use following the Hamiltonian [88],

H =vp-o + vb(ug f4+ug f-) + Evbos (ug f-+uz fy)

+ &vo- [1,x V (uf f-+uy f1)]. (3.6)

Here o; are the Pauli matrices, acting on Bloch states (¢ar, ¢px)’ in the K valley
(€ = 1) and (¢pxr, —dar’)T in the K’ valley (£ = —1), fy :Zm(:lzl)mJ“%eibm'T.
In the Dirac term, p = —iV + eA (h = 1) describes momentum relative to the
valley centre with [V x A], = B. The detailed process of obtaining Hamiltonian

of moiré perturbed graphene can be found in Appendix. D.
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In addition to the dominance of the simplest moiré superlattice harmonics in
the perturbation, the h-BN substrate can only affect the graphene electrons via the
following three distinct mechanisms [88]: (1) an electrostatic potential, which does
not distinguish between the two carbon sublattices; (2) a sublattice-asymmetric
part of the potential; and (3) spatial modulation of the nearest neighbour carbon-
carbon hopping amplitude. Each of these can be thought of as contributing either
symmetrically or anti-symmetrically under in-plane spatial inversion. In the two
limits where either (a) both boron and nitrogen sublattices perturb the Dirac
electrons with almost the same strength or (b) the dominant perturbation arises
from only one sublattice, it can be argued [88] that the inversion symmetry of
the system would only be weakly broken. Then, the moiré superlattice potential
can be modeled as a combination of a dominant inversion-symmetric part with
the addition of a small inversion-asymmetric perturbation. Accordingly, the moiré
superlattice perturbation can be parametrized by six phenomenological parameters
that control the inversion symmetric (ug, u3, u]) and inversion asymmetric (ug
ug , u; ) components of modulation mechanisms (1), (2) and (3) described above.
Possible choices for values of the phenomenological parameters u;t are discussed
in the next section.

Using the anti-commutation properties of the Pauli matrices, it is possible to
deduce the following relations [88] for band energy at different values of momentum

+.6.
p and parameters u; s°:

+ .+ .+ + _ o+ .+ + .+ .+ + .+ .+
Ug 5Uy U3 _G*UO y UL U3 _G*UO Uy »—Uz 6“0 y Uy, U (3 7)
K+p - K—p - K+p - *K-p : :

3.2.3 Band structure of moiré perturbed SLG

In Chapter 2, we discussed the first term of Eq. (3.6). In this subsection, we take

the Dirac Hamiltonian the dominant term in the vicinity of zero energy and then

6The first equation can be derived by applying o3 onto the eigen equation, i.e. osH 0303 =
eo3; the second can be derived by simply inverting the coordinate r — —r; applying the two
above operations simultaneously will lead to the third equation.

61



treat the rest of Eq.(3.6) as perturbations. By applying second-order perturbation
theory (with details given in Appendix E), we can calculate the energy shift of the
DP, Espi, the effective velocity veg and the size of the gap, Ag, of the “zero-energy”
DP [43]:

Esnige = 12bv(ufug +ujuy), (3.8)
Ay = 24vb|uf vy + uduy |,

verr = v[1 = 6(uf)” — 6(uy)’].

The second equation above shows that the breaking of inversion asymmetry, i.e.
the existence of u; and wu,, opens a gap. The third equation shows that the
influence on velocity is small when ui < 1.

Next we consider the secondary DP at the corner of the mini Brillouin zone
(k = ((by + bs)/3 (( = £1) in the valence band of moiré perturbed graphene.
Note that zone folding using Bragg vectors b,, brings together three degenerate
plane-wave states |(k), |((k + b2)), and |((k + b;)) at each of the two inequivalent
corners of the moiré Brillouin zone. Using k - p theory”, the vicinity of each moiré
Brillouin zone corner can then be described by using an effective Hamiltonian
acting on a three-component vector of smoothly varying envelope functions, which
are written on the basis of the above three plane-wave states, Eq. (2.20). A matrix
element of the effective Hamiltonian is (¢(k + b; 4+ p)|H |1 (k + b, + p)) (note that

operator p measures momentum relative to the corner of the mini Brillouin zone)

"Note that k - p perturbation theory is an approximation scheme to calculate the band struc-
ture, which treats wave vector k in the Hamiltonian as a perturbation of momentum p.
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100 —V/3ug — 2suf +v3ugy 0 0
H:s% 010 ~|—%va 0 V3ug — 2su 4+ v/3ud 0
00 1 0 0 4sui —2v/3ud
ud — 25v/3uy + 3ug 0 0
+ %bv 0 ug +25v3u; — 3uz 0 : (3.9)
0 0 —2ug

In other words, we use the eigen function of Eq. (2.20) to linearly expand the eigen
function of Eq. (3.6). Each elements of the matrix is a coefficient of the eigen
function of Eq. (3.6) on the basis of eigen function of Eq. (2.20). By diagonalizing
this matrix, we can get the (approximated) eigen energies of Eq. (3.6). Therefore,

the secondary DP location and gap size are

(3.10)

& —2u — V3ud 1
EmDPZSb'U (uo U \/_uS + >7

2 V3
Ay = V3boluy + 2sCuy — V3Cus],

1 3
Umpp = U (5 =+ Z(\/guar +u§)) 5

where ¢ = £1 accounts for k and k" and s = +1 represents the conduction/valence
band.

In general, an inversion-symmetric perturbation (i.e. u; = 0), produces a
gapless spectrum (i.e., Ay = 0), with a secondary DP either at the edge of the
first miniband or embedded in a continuous spectrum at higher energies. The
asymmetric part of the perturbation may open gaps both at the zero-energy DP,
Ay, and at the secondary DP A; on the conduction/valence band side, as described

in [90] and shown in Fig. 3.8.
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Model vbug [meV] wvbul [meV] wvbus [meV]|

Potential modulation [47] 60 0 0
2D charge modulation [86] —% 0 ‘/“ZVO
One-site G-hBN hopping [87] 1.6 \/*65;"?2‘;2 2.8
Point charge lattice [88] 2 \/% — V3

Table 3.1: Inversion-symmetric parameters vbui+ for various models of the moiré su-
perlattice. In the two-dimensional charge modulation model, V{ is a phenomenological
parameter. The G-hBN hopping model in [87] uses the hopping parameter from twisted
BLG. Estimates in [88] show that the parameters using a model of point charges at-
tributed to nitrogen sites is similar to that of the G-hBN hopping model. In the last
line, 0.6 < © < 3.4[meV]. [Table adopted from Ref. [88]]

3.2.4 Choice of superlattice parameters and their impact

on the band structure

We emphasize that the parameters v in Hamiltonian Eq. (3.6) are phenomeno-
logical. However, a microscopic model [178] based on hopping between graphene

and h-BN predicts that

(3.11)

+1 - —
Ub{u;t:(),l,s} =V* { i \/g} )

PRV R

where VT /V~ is the scale of symmetric and anti-symmetric perturbation, respec-
tively. Details are provided in Appendix F. Furthermore, a microscopic model
based on scattering by the graphene electrons of quadrupole electric moments in
the h-BN substrates agrees with this. Table. 3.1 shows parameters predicted by
several models.

Experimental signatures indicating that symmetric perturbation is dominant
were observed in density of states measurements, performed in Ref. [47], and also
in the transport measurements performed in Ref. [40]. In practice, by setting
VT = 0.063vb ~ 22meV and with V'~ = 0 in Eq. (3.11), the best agreement is
archived [50]. Translating this VT value into u; parameters yields uj = 0.032,
uf = —0.063 and ug = —0.055.

Based on this parameter set, the band structure of moiré perturbed SLG can be

calculated, as shown in Fig. 3.6. Note that the DP structure is preserved around
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Figure 3.6: The band structure of moiré perturbed SLG, which is calculated using

a zone folding method. The parameter set used here is u('f = 0.032, uT = —0.063,
ugr = —0.055 and u; = 0. The main DP is conserved. In the valence band, the moiré

perturbation produces a secondary DP.

zero energy, but the moiré perturbation introduces a secondary DP in the valence
band. Because of the conservation of inversion symmetry, both of the DPs are

exactly gapless [49, 88].

3.3 Theoretical framework: finite magnetic field

3.3.1 Hamiltonian in non-orthogonal coordinates

To adapt the analysis of the electron spectrum in a magnetic field to the hexagonal
symmetry of the moiré pattern, we use a non-orthogonal coordinate system, which
is more capable of handling a perturbation in the form of the hexagonal harmonics
fr = Zm(il)m%eib’“"“ in Eq. (3.6). A detailed introduction to non-orthogonal
coordinates is provided in Appendix G. We introduce two new non-orthogonal

basis vectors, i.e.

V3 . as 1. V3.

1
Y :_:—A _A = —-—-=" —— _— 3.12
o) 2zc—|— 5 Y By = — 2:I:+ 5 Y (3.12)
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instead of the orthogonal basis &, 4. From relations®

TX + YY = 121 + Tado, x1ky + xoke = xky + yky, (3.13)

we can define non-orthogonal spatial coordinates z; and x5 and momentum coor-

dinates k; and ks as

_ 1 _1 V3
1=+ 7§y kl = Qkx + Tky (3 14)
$2:—x+%§y kQZ_%kx+73ky

In the case, all b,, in non-orthogonal coordinate system are much simplified, as

well as the further calculation. Note that
3
B -dp=1/2,  dr = dady = \/T_dxldxg. (3.15)

Here, the second equation comes from the Jacobian determinant. We define the
Brillouin zone as the rhombus area defined by reciprocal vectors b; and by. Fur-
thermore, we shift the centre of the Brillouin zone to point (0,0). Then the range

of available values of k; and ks in non-orthogonal coordinates can be written in a

“square” format, i.e. ki, ko € @[—%, %], which is a rhombus Brillouin zone in the
orthogonal coordinates system.
To study the magnetic field effect in non-orthogonal coordinates, we choose the

Landau gauge as
A= —Bux(—x, +2x,)/V3, B=VxA=(00—-B). (3.16)

Note that the curl operation V x A is different when using non-orthogonal coordi-

nates due to the Jacobian matrix. In this case, the Dirac Hamiltonian in Eq. (2.19)

8The first equation comes from the fact that a position vector in any arbitrary coordinate
system is identical. The second equation comes from the fact the the dot product between cor-
responding coordinate of contra-variant and covariant vector is identical, and detailed discussion
can be found in Appendix G.
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is transformed into

. 0 di
Hp=v| : (3.17)
d 0
d= -2 By €5 + (8, +iV/3eBz /2)6’1'2?”]
\/g T1 T2 1 )

where operator d is the non-orthogonal version of operator 7. Then, the basis of

LL states for Dirac electrons is transformed from Egs. (2.35) and (2.33) to

i Wk = eh2r2 [ Qo0 (3.18)
0o = B n#0 — ’ '
VL =8, V2L .
22 — iz’ ]_
Om = Awnei76 QﬁHm(Z)a Am = )
\/m'2(m*1)/\3\/%
n v V31, n o _.on
n— 7 1\ 2 ) - _k>\> n:__ilT-
iy VA2 =y A e = e

Here, § = B/|B| (B can be negative), H,, is the Hermite polynomial and A\p =

1/4/|eB] is the magnetic length.

3.3.2 Magnetic translational symmetry and magnetic Bloch

wave function

An electron in a square lattice crystal in a magnetic field must satisfy both the
constraint of the periodic lattice potential and the magnetic vector potential. Just
like the simple model introduced in the beginning of this chapter, for an electron
in a hexagonal moiré superlattice in a magnetic field, once the magnetic field
satisfies the relation BS/¢y = p/q, where S = /3a%/2 is the area of a super
unit cell, the translational symmetry of the electron will be recovered but in a
reduced way [82, 107]. To rigorously investigate this, consider an electron that

exists in a periodic potential environment in the absence of a magnetic field B.
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Figure 3.7: An example of the moiré superlattice Brillouin zone (i.e. the larger hexagon

with area v/3b%/2, and reciprocal lattice vectors by,,) and two smaller magnetic Brillouin
zones (shaded blue). Red dots show the ks values used to construct Bloch states [}'}).

The Hamiltonian of the electron follow the translational symmetry

~ A

TxH(r)=H(r+ X) = H(r), Txp(r)=ec*Xp(r), (3.19)

where X = mya; + moas, and T 'x describe the geometrical translations. In the
presence of a magnetic field, however, as the vector potential of a magnetic field
A(r) depends on the coordinate; the Hamiltonian H(r) after a translation a,
H(r + a), is not necessarily the same as H(r), i.e. [Tx,H] # 0. In this case,
we must introduce a “magnetic translation operator” ©x, which generates the

magnetic translational group
- ieBmia X3 zorf
Gy ={0x =c¢ 192 X = mia; + measg}. (3.20)
Here, O x satisfies [éX, f[] = 0, but it does not self-commute, i.e.

. e o b
OxOx = Pi™M™Qy v OxOx = ZTaMmmmm) G Gy (3.21)
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To avoid this problem, we consider the subgroup of GG, consisting of translations
A ieBmla@xz T _
w=1{Or=c¢ 2 2Tr, R = myqa; + magas}, (3.22)

on a (q x g)-enlarged superlattice . All reciprocal lattice vectors are shrunk by
1/q, i.e. folding the momentum space on a magnetic Brillouin zone with area

V/3b?/(24%), as shown in Fig. 3.7. In this new group, all translations commute, i.e.
OrOr = Onir, OrOR = OpOr.

Furthermore, subgroup G, is isomorphic to the simple group of translations, Tr
such that the eigenstates of Of form a plane-wave basis.

The Bloch wave function can be constructed as

2+ %2 2 (pgs+jq+tp)

n,j 1 ik1qas, | ®
) =\/—NZe’“q ¥ , (3.23)

where the sum runs over s = —N/2,--- |/ N/2,j € [0,p—1] and t € [0,¢q— 1]. This

Bloch wave function has the following properties:

~

®sqa1

n,j\ __ _ikiqas
t,k,> =e€

Oa, ?,Ig> =

?,Q, @Tq@ ?,Q — eik2qar ?,g), s,r € 7, (3.24)

n,j ) fa n,j> _eiyeik-aﬂn,j)
t+1,k/ > azlt k) = th!

This basis is similar to the set of Bloch states for a one-dimensional chain with p
sites per elementary unit cell, and multiple atomic orbitals on each site labelled
by the LL index, n. Details about the magnetic translational operator and the

construction of the Bloch wave function can be found in Appendix H.

90mne point to be emphasized here is the subgroup of Gj; is not unique, another simple
definition is G, = {@R = eiEBml‘l?“TR, R = mya; + magas}, ie. only enlarge the unit cell
along a direction by ¢ times. This choice will cancel the g-fold degenerate in that of G, but
will lead to a difficulty that one has to distinguish between odd number ¢ and even number ¢
[72], and one lose the symmetry of point group.
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3.3.3 The Heisenberg matrix on a basis of magnetic Bloch

states

To calculate the eigenenergies of the Hamiltonian of moiré perturbed graphene in
magnetic field, we expand eigen functions of that on the basis of wave function of
graphene in magnetic field. The coefficient of the basis is the element of matrix,
which generates the same eigen energies by diagonalization. In practical, using
the Bloch wave function, Eq. (3.23), to sandwich the Hamiltonian including the
moiré perturbation Eq. (3.6), we obtain a general expression for the elements of

the matrix, i.e.

ka+ ¥3b (pgs+ija+tp), ~ l;2+ ¥3b (pq§+§q+fp)
<t J t N e ) 1f1as % 1qas<w 2 g | |w~ 2 gq >

s Ko+ b3, ko+Lb(pAs+))
=6t7t~6k,,;§ e thraattsy BT : : (3.25)

7
As

where As =35 — s and

pER = 5, B, + €60 (uf (~1)™ — i)

% [612ﬂ/3| |(zb1 B2 2\ M ,n++6_i2w/3%(_ib}ﬂ _i_Z.bgn)MTTﬁ*]
n n
+ 4 m, — noim, Nt
+Ub2(u0 +Z<_1) uO)[Mm’ + |TL||~|M ]
_ . m. + n=h— n n ntat
+&ub Y (ug +i(—1)"ug )My _WWM’”’ ], (3.26)

ni,ne __ zﬁ)\ V3 ”mhm n1,n2 ”77117712 n17n2 0”7711,712
n1,n2 _ iBA2V3 +”m1, ni,n2 +”m1,n2 n1,n2 Omrm,m
N, _ 2
ni,m o n1,n2 n on 2\ -\ on
Wi, = =37 ApAn An,2 Van! LI (20%) e Al

) s )
% ez|§n\(01 5+e2 Tmﬁ%)ezBC3)\24k2/b.

Here L%(x) is the associated Laguerre polynomial, A\ = bAp/2, 6+ = Ok hatn/3b/25

00 =0, 1,» M=max[ny, no], n=min[ny, ny], M=n; —ny, and Ny, = (1—0p,1)(1—
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Ong-1)\/ 1400100/ 14 0ny0. Furthermore, we make use of the integral

/ e H,(z + y)H,, (2 + 2)dz = 2"/7Tmly" "L (—2yz), n>m, (3.27)

[e.e]

which can be found in Ref. [196].

Therefore, the entire Hamiltonian is described by a big matrix. For a given
flux ratio p/q and momentum k and k in the magnetic Brillouin zone, this matrix
contains all cross-terms between different LLs n, indices j and t as well as a
summation of s and 5. Since Hamiltonian Eq. (3.6) contains only the simplest
moiré harmonics, i.e., b,,, the cross term between |?,§> and \?é) is limited to the
difference between ko + ‘/Tgb(p5+ ) and ko + %gb(p.§ +7), which prescribes the value
of |§ — s] < 1. For simplicity, we set As = 5 — s = 0,4+1. Because [@X,ﬁ] =0
and index t are conserved, t is g-fold degenerate as well. We will later set t = 0 to

reduce the dimension of the Heisenberg matrix by 1/¢ times.

3.3.4 Calculation and programing details

Given the momentum position k in the Brillouin zone, the flux ratio ¢/¢y = p/q
and the number of included LLs, n,,4,, a matrix containing all elements <?,§|ﬁ |:,i)
can be constructed, and after diagonalization, we obtain a set of eigenenergies. By
varying the magnetic field ¢/¢q at the given k, we can obtain the magnetic energy
spectrum. By varying k in the Brillouin zone, we can obtain the magnetic band
structure for the given ¢/¢y.

To obtain an accurate description of the spectrum up to energy E, we must
include LLs up to a cutoff energy E. to guarantee that (E. — E)/|[V*| > 1. The
number of matrix elements and hence the computational time thus scale as E4. By
using practical calculations, we determine an empirical formula suggesting that the
inclusion of a number of LLS 7,4, >~ ¢n¢o/¢ + dn (where ¢y = 10 and dy = 2) is
sufficient for convergence in the energy range —0.850b < € < 0.85vb (vb ~ 350meV)

when > |u;| = 0.15, i.e. V' = 22meV. The software we used is Mathematica.
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Each unperturbed LL can hold g¢/¢pg = gp/q electrons per unit cell where
g = 4 accounts for spin and valley degeneracy. After applying the perturbation,
each LL splits into p minibands, so each magnetic miniband holds g/q electrons

per unit cell.

3.4 Results and discussion

3.4.1 Magnetic spectrum of moiré perturbed SLG

g;

3z

05 o 15 R
BS/¢o

Figure 3.8: (Right panel) A typical fractal energy spectrum found by exact numerical
diagonalization. It is calculated for an inversion-symmetric superlattice perturbation
with V*+=0.063vb and V~ =0, §=0 from Eq. (3.11) (i.e. up = 0.032, u3 = —0.063 and
uz = —0.055). The fractal dimension of the butterfly spectrum is D = 1.71567. (Left
panel) The B=0 minibands with a distinct secondary DP in the valence band.

Fig. 3.8 shows a typical fractal spectrum of magnetic minibands as a function
of the magnetic flux ¢ = SB per moiré supercell 1°. The plot shown is calculated
for an inversion-symmetric superlattice perturbation with V+ =0.063vb, V=~ =0
and # = 0 from Eq. (3.11) (i.e. wy = 0.032, u; = —0.063 and us = —0.055)

by diagonalizing the Heisenberg matrix in the basis |?,§) The B =0 miniband

00ne may notice that this plot is not so symmetric as Fig. 3.1. It is because that: (1) Once
the inversion symmetry holds, the spectrum in the magnetic field with an opposite direction
(B < 0) is simply the mirror reflection of the counter part, so it is omitted for simplicity. (2) The
magnetic spectrum of Fig. 3.1 is periodic in the aspect of integer «, but Fig. 3.8 is not. Because
the system described by the latter has a moiré perturbation coupled with magnetic field, the
increasing of magnetic field leads to more asymmetric feature in Fig. 3.8. Besides, this is also
the reason for a “rescaled butterfly” pattern.
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spectrum is displayed on the left side of Fig. 3.8, with the main DP and a secondary
DP in the valence band. For ¢ < 0.2¢,, the magnetic miniband spectra can be
traced to the analytically-calculated sequence of LLs associated with the two DPs
as shown by the red lines on the far left of Fig. 3.9. At a higher flux, the LLs are
fractured into a hierarchy of bands and gaps, which can be understood by analyzing
the dispersion of electrons at the simplest flux fractions. In the vicinity of each
simple fraction, the miniband spectrum also resembles a spectrum of Dirac-like
LLs. The splitting of the zero energy LL can be viewed as an effective broadening
of it which is proportional to 67%0, so it goes fast when ¢ < ¢, and slows down

when ¢ > ¢y.

3.4.2 Hierarchy of the Dirac-like spectrum

0.0 05 10 BSgy 15 20 25

Figure 3.9: The hierarchy of the Dirac-like spectrum, which is found by exact numerical
diagonalization, with ug = 0.032, u; = —0.063 and uz = —0.055. Note that only the
minibands generated from the lowest ten “LLs” are shown. The numerical data (black)
is the same as shown in the right panel of Fig. 3.8. The red lines in the vicinity of
zero magnetic field are the LLs of the first and secondary DP, which are calculated from
Eq. (3.18), Eq. (3.8) and Eq. (3.10). The insets show examples of magnetic minibands,
at simple fractions B/, = %qﬁo /S, and their fit (shown in yellow, from Eq. (3.28)) with
Dirac spectra used to calculate the energies of the effective Dirac LLs. The red lines in
the vicinity of each simple fraction are also fit to LLs via Eq. (3.28) as well. For the
Dirac-like spectrum in ¢/¢y = 1/2, the Berry curvature of the lower magnetic miniband
is shown as a colour map inset, in which lighter colours represent higher values of Berry
curvature.
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In a strong perpendicular magnetic field (i.e. ¢ 2 0.2¢), the edges of many
of the consecutive magnetic bands can be described in terms of a weakly gapped

Dirac-like spectrum [40, 49], i.e.

LeA ot
Hp = 2 . (3.28)

Then, the basis of LL states for the gapped Dirac-like electrons are described by

EBA n [A?2  2|n|v?
Bo=2  Bao=-y ]2 , 3.29
0 2 7 70 In|\| 4 + AL ( )

s ety | == po s ey [ P e
0 — ) n#0 — ’
VL oo, V2L Py
22 1
Om = Ane” 2 H,,(2), Ap = —F——,
\/m!Zm)\B\/?
E, —EA/2
B VA W Yoy
AB vy/2|n|

Here, 3= B/|B|, H, is a Hermite polynomial and A\ = 1/+/]eB] is the magnetic
length. Then, the largest gaps in the surrounding fractal spectrum at B = B,,/,+0B
can be interpreted [89] in terms of weakly broadened LLs of these next generation
Dirac electrons, which are evaluated using Eq. (3.29) and parameters A and B —
0B. In Fig. 3.9, the analytically calculated effective LLs are shown in red in the
vicinity of the corresponding rational flux values. They interpolate the groups of
minibands into the interval within which the exact diagonalization fails, due to
the basis set size. This correspondence can be best seen in cases when the gap
A between consecutive minibands is small, and the largest gaps are around the
broadened “n=0" LL of the corresponding effective Dirac-like model.

One example is shown as an inset in Fig. 3.9 with the Berry curvature of the
lower magnetic miniband shown as a colour map. Most of the Berry curvature con-
centrates on the tip of the cone, confirming that the magnetic minibands of moiré-

perturbed graphene are Dirac-like but not a quadratic dispersion H = p/2m.
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Furthermore, for some parameters, there will be a real DP without any gap in
the magnetic minibands, thus yielding an exact m Berry phase. The calculation
details of the Berry curvature of the magnetic Bloch wave functions are presented

in Appendix I.

3.4.3 Incompressible states of moiré perturbed SLG

- - - - ———— « - ——— = — s

Ourvy 4 0 ps 4

Figure 3.10: The experimental (left) and theoretical (right) carrier density-magnetic
field diagram. The experimental diagram is from [50]. It is measured from a capacitance
experiment, in which a top gate (gold lead) on graphene-h-BN heterostructure is used.
By tuning the gate voltage as well as magnetic field, the capacitance of the setup can be
measured and mapped onto the plot. The darker, the capacitance smaller. Therefore,
a significant black stripe represents a continuous big gap. The theoretical plot maps
the gaps in the magnetic spectrum Fig. 3.8 onto the carrier density per super unit cell
pS-magnetic field diagram. Larger gaps are shown using a darker colour.

A sample in which the Fermi level is located at a gap acts as an insulator.
This state is called an “incompressible state” because an incoming electron does
not have an energy level to occupy. If we vary the carrier density p of the moiré
perturbed graphene at a given value of magnetic field, the conductivity of the sam-
ple will alternatively display both conducting and insulating behavior depending
on whether the carrier density is located in a miniband or a gap. Varying the
magnitude of the magnetic field generates a similar phenomena.

Because each Bloch wave function can hold g¢,g, electrons and splits into ¢

minibands, each miniband can hold g¢,g,/q electrons '' . Here, g, and g, are spin

1 As a reminder, each LL holds gsg,¢0/¢ electrons, and splits into p minibands; besides, each
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and valley degeneracy. At the zeroth LL, the carrier has 50% possibility of being
an electron or a hole, so the largest gaps above (below) the broadened “n = 0”
LL have carrier density per unit cell pS = gs9,p/2q (pS = —gs9.p/2q). Using the
largest gap as a reference for tracing the main DP in graphene, we can understand
the carrier density for a given magnetic field by counting how many minibands
are filled. The filling factor is defined as the gradient of density with respect to

magnetic field, i.e.

d(pS)

V= TBS/e (3.30)

The reason of the weird definition is to adopt the label of axis of Fig. (3.10).
Noticeably, the filling factor is constant when the Fermi level is in a gap. By
filling the minibands in Fig. 3.8 up to the Fermi level, we can map the gap size
as a function of carrier density and magnetic field, resulting in the so-called “fan
diagram”, in which the “bone of the fan” is the filling factor describing the big
gaps, as shown in the right panel of Fig. 3.10.

The darkest lines in Fig. 3.10 correspond to filling factors v = +£2, which
radiates from pS = 0, BS/¢o = 0. Furthermore, dark lines radiate from pS = —4,
BS/¢y = 0 track the LLs of the valence band secondary DP. Other dark lines
correspond to the large gaps surrounding the “n=0" LLs in the next generation
of Dirac electrons, e.g. in the vicinity of By, B;/3. From Eq. (3.30), we can derive
the change in the filling factor when the Fermi level crosses a miniband, i.e. the

change of gradients at these inter-crossings is

0V = gsguq. (3.31)

This reflects the additional g-fold degeneracy of states in magnetic minibands at

By, ' . These same qualitative features are also presented in the left panel of

original BZ holds g.g, electrons, and the magnetic BZ is 1/¢? smaller but ¢-fold degenerates, so
each each miniband can hold g¢sg,/q electrons.

12Eq. (3.31) can be derived by solving the cross point of two straight lines. One needs to notice
that crossing point between the horizontal axis and the filling factor line is not arbitrary, but
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Fig. 3.10, which displays the results of experimental capacitance measurements
performed on the graphene-A-BN heterostructure in Ref. [50]. Fig. 3.10 shows
both the experimental [50] and theoretical results for the density-magnetic field
diagram of moiré-perturbed SLG. Both of the fan diagrams show explicit radiat-
ing structures, which originates from the biggest gap between the zeroth LL and
the +1st LL of the main DP and the secondary DP in the valence band. The
comparison shown in Fig. 3.10 demonstrates that even the super unit cell is big
(S = ‘/75142 nm?), it still requires a significantly strength of magnetic field, i.e.
B ~ 25T, to achieve a flux quantum ¢ = ¢y.

One may notice that there are 3 additional black lines (3 additional gaps,
i.e.,, 4 additional energy levels) between v = 2 and v = —2 in the left panel
of Fig. 3.10, and there is no counterpart in the theoretical predication. This
phenomenon originates from the fact that the state around zero energy is relatively
near, the 4-fold spin and valley degeneracy is lifted by many-body effect. The plot
in the right panel of Fig. 3.10 is based on the single-electron picture. So to explain

this feature, a further calculation including many-body effect is needed.

3.4.4 The lifting of valley degeneration using an inversion

asymmetric perturbation

To study the effect of the addition of a weak inversion-asymmetric perturbation
in Egs. (3.6-3.11), we set V— = V*/10 = 0.015 in Eq. (3.11). Given this, the
final parameter set is uj = 0.032, v = —0.063, us = —0.054, u, = —0.0032,
u; = —0.0063 and u; = —0.0054.

Fig. 3.11 provides an example of the magnetic miniband spectrum and in-
compressibility map calculated for an inversion-asymmetric perturbation. The
degeneracy of K and K’ is lifted due to the inversion-asymmetric perturbation.
The Dirac-like features and corresponding hierarchy of gaps in the magnetic mini-

bands persist, but the fan diagram acquires additional lines, intercrossing with

gsgoh, M € Z.
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Figure 3.11: (Upper) The magnetic spectrum of the valley K (blue dots) and K’ (red
dots) of inversion asymmetric moiré perturbed SLG, with parameter set uar = 0.032,
uf = —0.063, uj = —0.054, and uy = —0.0032, u; = —0.0063, u; = —0.0054. (Lower)
The corresponding density-magnetic field diagram, which shows the incompressible elec-
tron state in the fractal spectrum of magnetic minibands. Here, larger gaps are shown
with a darker colour; furthermore, yellow points indicate a trivially small gap with the
gap size in units of vb.
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ddp/dB) = gvq/ o, indicating that a combination of inversion and time inversion

asymmetry lifts the valley degeneracy ® of the fractal spectra.

3.4.5 Magnetic spectra of various superlattice perturba-

tions

By varying u;, the spectrum can be classified into three groups depending on the
mutual arrangement of the first and second minibands in the valence band [88].
These groups and corresponding figures are: (a) the first and second bands do
not overlap and are connected by a single isotropic secondary DP as shown in the
valence band of the left panel of Fig. 3.8; (b) the first and second bands do not
overlap and are connected by a triplet of anisotropic secondary DPs as shown in the
upper left panel of Fig. 3.12; and (c) the first and second bands overlap as shown
in the conduction band in Fig. 3.8. Note that, while a purely inversion-symmetric
moiré superlattice perturbation generates both a gapless primary DP and a gapless
secondary DP, the addition of a finite inversion-asymmetric component opens gaps
at both DPs.

The examples of model-dependent values for parameters wu;, listed in Table 3.1,
indicate that the combination of several factors can strongly shift the resulting
moiré perturbation across the parameter space [88]. Here we systematically inves-
tigate the effect of several different choices of parameters for the moiré perturba-
tion.

We choose three representative situations, each with only one non-zero param-
eter, i.e. uy = 0.15, uf = 0.15 and ug = 0.15. Similarly to Fig. 3.8, the left side of
each panel in Fig. 3.12 displays the B = 0 miniband structure, whereas the right
side displays the fractal magnetic miniband spectrum. Fig. 3.12 shows the band

and

[\ [eV]

structures as the yellow transparent bands for several simple fractions %, %,

13For u; =0, the spatial inversion symmetry, H(r,()=0,H (-7, —()o, prescribes the relation
€EK+k = €K’k between spectra in graphene’s two valleys. For B =0, time reversal symmetry
prescribes the same relation, however when both B#0 and u; #0 the spectra in the two valleys
are unrelated.
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Figure 3.12: Magnetic minibands for uj = 0.15 (top), u{ = 0.15 (middle) and uj =
0.15 (bottom). The panel on the left shows the B = 0 band structures, whereas the right
panels show the magnetic spectra. For the simple fraction ¢/¢g = 1/2,1/1/,3/2,2/1,
the full dispersion of the magnetic minibands structures is given.
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%. From the magnetic spectra shown in Fig. 3.12 and Fig. 3.8, we note that the
LL structure of the main DP is relatively robust.

For the simple potential modulation, i.e. wuy = 0.15, the spectrum obeys
the “inversion symmetry” €x.p, = €x_p, Which follows from the 4th equality in
Eq. (3.7) with u; = ug = 0. The valence band of this spectrum provides an
example of a spectrum with three secondary DPs, which is in sharp contrast to
the other spectra - which display only a single secondary DP.

For uj = 0.15, the spectrum obeys electron-hole symmetry €x.p = —€xip,
which follows from the 3rd equality in Eq. (3.7) with u$ = uj = 0. Note that the
zeroth LL is completely degenerate.

For uj = 0.15, the spectrum obeys the semi-electron-hole symmetry e, =
—€x—p, which follows from the 2nd equality in Eq. (3.7) with uj = uf = 0.
This symmetry is manifested in the magnetic minibands of the “zeroth LL” in
the magnetic spectrum for simple fractions, shown as the yellow bands in the
bottom panel of Fig. 3.12. As an example, ¢/¢o = 2/1 in the vicinity of E = 0

displays a completely gapless third-generation Dirac cone, so the Berry phase can

be evaluated exactly as .

3.5 Conclusion

To conclude this chapter, we found a systematic reappearance of Dirac-like features
at the edges of consecutive minibands formed in magnetic fields B, = %’gbo /S
that provides rational magnetic flux through a unit cell of the moiré superlattice
created by a hexagonal substrate for electrons in graphene. The Dirac-type features
in the minibands at B = B,/, determine a hierarchy of gaps in the surrounding
fractal spectrum. Using the additional ¢-fold degeneracy of magnetic minibands
at B,/,, we traced the hierarchy of the gaps to their manifestation in the form of

incompressible states based on variation in carrier density and magnetic field.
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Chapter 4

Valley asymmetry and
zero-energy modes in the
Hofstadter spectrum of a BLG
van der Waals heterostructure

with hexagonal boron nitride

4.1 Introduction

In the previous chapter, we presented moiré-perturbed SLG in a magnetic field.
In this chapter, we repeat the analysis for BLG and study the moiré superlattice
(mSL) perturbation on a BLG-hexagonal boron nitride (A-BN) heterostructure.
Apart from the quantum Hall effect of SLG superlattices described in the pre-
vious chapter, there has also been significant work on aligned heterostructures of
BLG with A-BN, including the observation of Hofstadter’s butterfly in transport
measurements [41]. Theoretically, the mSL perturbation of this heterostructure
can be modeled in a similar manner to the monolayer-graphene/h-BN heterostruc-

ture, except that the perturbation is felt much more strongly for the graphene
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layer closest to the h-BN [174, 175]. Because of this, the inversion symmetry of
this heterostructure is broken, typically leading to gaps both at zero energy and
at the edge of the first miniband [174]. In a magnetic field, the broken inversion
symmetry is manifested as a strongly broken valley symmetry in the magnetic
miniband structure [175]. Other systems in which the miniband structure is gen-
erated by an mSL include twisted BLG [48, 132, 176-181], graphene with almost
commensurate v/3 x /3 hexagonal crystals [186], and graphene on metal catalysts
such as Ir(111) [185].

In this chapter, we focus on the fractal magnetic minibands in BLG, where the
sublattice composition of the electron states at the edge between the conduction
and valence bands produces specific features in the Hofstadter butterfly spectra.
We show that the low-energy Hofstadter butterfly spectrum of BLG, dominated by
the bands composed of zero-energy LL states n = 0 and n = 1, which are degen-
erate in unperturbed BLG [68], is a superposition of two very different miniband
spectra associated with electrons in opposite valleys of graphene’s band structure.
The miniband spectrum in one valley is only slightly broadened by the superlat-
tice potential, incorporating one completely unperturbed n = 0 LL. However, the
miniband spectrum in the other valley is substantially broadened by the superlat-
tice potential. This valley asymmetry results from the interplay between inversion
symmetry breaking produced by a moiré perturbation applied to only one of the
two BLG layers and the sublattice composition of the electron LL states n = 0
and n = 1, which reside on different sublattice/layers in the opposite valleys, i.e.

K and K'.

4.2 Theoretical framework

4.2.1 Introduction to the Hamiltonian

To describe the sublattice (A/B) and top/bottom (1/2) layer composition of elec-

tron states in BLG with Bernal-stacking of the layers on boron nitride, we start
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from the clean BLG Hamiltonian represented in Eq. (2.22) and then add moiré

perturbation Mg from Eq. (3.6) into the top layer, resulting in a 4 x 4 matrix

. vp-o + M o1 — 109)/2
i, - /Z ¢ (o —io)/ | (4.1)

(71(€oy — i0q) /2)T vp - o

M = vbug fy + Evbosud f- + Evo - [lz x V (uff_)} ,

where we use the basis of Bloch functions (¢4,, ¢5,, ¢a,, ¢5,) for valley K (£ = 1)
and (¢B,, —®a,, OBy, —Pa,) for valley K' (¢ = —1). The 2 x 2 Pauli matrices
0123 act in the space of sublattice components. The off-diagonal parts of this
Hamiltonian account for v; ~ 0.4eV, which describes interlayer hopping between
Ay and Bj sublattices. The diagonal entries consider the electrons’ Dirac spectrum
within each layer (i.e. v ~ 10® cm/s [105] and p = —iV +eA) with a perturbation
Mg produced by the h-BN substrate crystallographically aligned with the bottom
layer [49, 88]. Here, fy :Zm(il)m+%eibM'r, where m = 0,1, ...,5, b,, = émﬂ—/g[l -
(14 6)"' R (0, %), and R, is the anti-clockwise rotation by angle . For highly
oriented van der Waals heterostructures, with a small misalignment angle 6 <
1, the Bragg vectors b, of the moiré superlattice potential, satisfy |b,,| = b =~
}ng\/m , where a, = 2.46A is the lattice constant of graphene. The moiré
pattern period a = ag\/m, 0 = 1.8% considers the relative lattice mismatch
between graphene and A-BN [37], and 6 is the misalignment angle between the two
hexagonal lattices. A moiré perturbation applied to only one of the two graphene
layers in BLG breaks its inversion symmetry [174], which, in conjunction with time-
inversion symmetry breaking due to a magnetic field, causes the energy spectra
to be different for electrons in the K and K’ valleys [68]. This feature of BLG-h-
BN heterostructures persists even if BLG is covered on top by another ~-BN film
since the perturbation for BLG electrons at low energies will be dominated by only

one h-BN layer, i.e. the one better aligned with graphene. Because the inversion

symmetry in the BLG/h-BN heterostructure is broken from the beginning, it is
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unnecessary to introduce inversion asymmetric properties. Therefore, we use u; =

u; for simplicity.

4.2.2 Low-energy effective Hamiltonian for moiré-perturbed

BLG

Low-energy electron states in BLG can be described [68] using a simplified 2-band
Hamiltonian, which can be obtained from Eq. (4.1) by using the Schrieffer-Wolff
projection [61, 62] on the basis of Bloch states residing on A; and B, sublattices.
To study the low energy behavior of moiré-perturbed BLG, the projection results

are presented in [174]. The simplified 2 band Hamiltonian is

v0b ot ~ ot
i -l g-(r)& Z-a'h_(r) |

ha(r) = fiuy Y (=1)"e®7 (bf, £ ibY,) /b.
Hamiltonian }Elg is written in the basis of Bloch states (¢4,, ¢p,) for the K valley
and (¢p,, —¢4,) for the K’ valley. In the absence of a magnetic field, the first term
in Eq. (4.2) describes gapless massive chiral fermions with quadratic dispersion
€ = ap®/2m, where a = +1 (a = —1) denotes the conduction (valence) band. The
symmetry-broken perturbation leads to a gap in the main DP [88, 174]. In moiré-
perturbed BLG, the gap size at the neutrality point can be calculated by third

order perturbation, Ag ~ 12vb|uus| + 6bv|ug(ug + 2u? 4+ u3)| (see Appendix E).
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4.3 Secondary DP of moiré-perturbed BLG

Similarly to moiré-perturbed SLG discussed in Chapter 3, the moiré perturbation
leads to secondary DP formation in the valence band. Using k-p theory to describe
the vicinity of each moiré Brillouin zone corner |(k), |((k + b2)), and |((k + b))
(¢ = £1), the corresponding effective Hamiltonian can be written in a basis of the

above three plane wave states Eq. (2.25) as

€0+ 20D, W= W
Hew=| W é&—9(p.+V3p,) wr ,
w W é—9(Pa—3by)

vb V30 2in alv?®h? -2ix
W —(up+iCus)+——e€ 3 (up—iCus)+ € 3¢ uy,

2( 0 3) 62 (uo 3) N 1

av’?  av? bv?
€o= +—7p°, v=C(a . 4.3
’ 3 ga! \/3% ( )

Time-reversal symmetry prescribes that I:[(é, ¢, p, B):[:[* (-¢,-¢,-p,-B)' . There-
fore, we focus on H (1,{,p, B) from now on. For the exact moiré Brillouin zone
corner, because of the three-fold rotational symmetry of the above Hamiltonian?,

we can diagonalize using

—_
D
.
M~
3
D
&,
M
3

H
N

I
Sl

1
901—%

—_
™
.
axy
ol
™
&
ax%
|

LAs a reminder: &,¢ = +1, £ identifies the valley of the Brillouin zone of graphene, and ¢
identifies the valley of the moiré Brillouin zone.
2 After applying a coordinate rotation Ry /3 as well as a basis rotation:

) 01 0
Rs=[0 0 1], (4.4)
100

the Hamiltonian is invariant, i.e., it is three-fold rotational symmetric.
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Then, using a basis of (y1, @2, ¢3), the effective Hamiltonian can be written as:

é() + €1 ?jﬂT 6ﬂ S1 + S9 0 0
. ) A 2,2
Hjz = vll éo + €9 i + ~ 0 —S1 0
1
oIt =3Il éo + e 0 0 —s9
0 — (514 52+ sg)IIT (59— s3)1I

+0 | —(s;+ 89+ s;;)f[ 0 —(s1 + 233)121T ; (4.5)

(82 — Sg)fﬂ —(81 + 283)ﬂ 0

where the energy shift of the bands resulting from the moiré perturbation is

b%v? 20%0?

=2RW = - — 4.6
€1 s171 + s2(m 3 ) + 53 o (4.6)
b2 2 b2 2 2b2 2
62:—%W‘F\/g%W:Sl—U—SQ(’Yl——U)—FSg Y s
3 3 3
b2 2 4[92 2
€3 = —RW — \@SW = —81(’71 + Y ) — S3 Y s
3M 3
b +3 b — 3 1
o = U(Mo \/_(M:s), 5y = v(,uo \/_(M:&)’ 53:—\/§C,u1,
2m 27 2

where 8 and & denote the real and imaginary parts, respectively, and Il = Dy 1Py
The onsite energy shifts €, €2 and €3 fulfill the relation €3 = —(€; + €2) and the

gap is given by

b
Ay =6 — ey = %’(b%? — 372) (3uo — CV/3uz), (4.7)
1

which shows that the gap size of secondary DP depends on the difference between
uo and wug values. Interestingly, a pair of simple microscopic models [88] predict
the same ratio for the moiré potential parameters of Eq. (3.11), which, for a = —1
and £ = —(, result in gap A, vanishing, i.e €¢; = €5 are degenerate in the lowest

order of zone folding.
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4.4 Heisenberg matrix of moiré-perturbed BLG
in a magnetic field

Similarly to Eq. (3.23) in Chapter 3, we can build a magnetic Bloch wave function
of moiré-perturbed BLG, but the only difference is that the LLs of SLG are replaced
by those of BLG:

eikgmz %gp‘n|(l€2> 6ik2$2 SOln‘—l—ﬂ(kQ)

1/171:0,1(]52) - ) 1/’&\22(]52) - T = )
VL 2 ppn (k) V2L \ - s (ko)
22 iz2
n 1 V3e ZT 2
€n—=01 =0, €n>o = ———=/|n|(|In| — 1), m(ka) = H,,(z
0.1 22 = Tl [n[(In] = 1), @m(k2) Ny ®

o \/§$1

2)\3 - kQ)\B, >\B = 1/\/ |€B|, 7%g0n<k'2) = —T)\El V 2ng0n,1(k2), (48)

z

where 8 = B/|B|, T = ¢ and H,,(z) are the Hermite polynomials.
By the same technique presented in Chapter 3, the expression of an element of

the Heisenberg matrix of BLG is

7 n n . —€B-1.|R|—€8-
PR = 60 730 5y B+ 0b( )26 > (g + i(-1)Mug) MJyIELITER

| |7]
J2p e iT/3

o .
T 2 G InlFer) + €6~ 1 (i)

% ST CI) (B, — iB2,) Mg e e

’U2b eiﬂ'/

3£5
[n| ~ .
2l +17lda) + €6 1 (i)

% Z(_l)m (bl + b2 ) M7|rrlz|-1+55§,_1,|ﬁ|-17555,1

v°b (|_Z|\_Z|)5£’l =
+_2>\—2\/2|n| +EB—1V/2|n[+ €6 -1
M B
X > (ug — i(-1)™ug) ML (4.9)
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where

ni,ne _ _iBA2V3 c—11/n1,n2 ni,N2 __ c—y17N1,n2 ni,n2 __ c0yy/ni1,n2
MO —_— e 5 W17_17_1’ Ml h— 6 W17170 9 M2 — 5 W17071 P}

ni,n2 _ _iBA2V3 s+ 151102 niy,N2 _ c+yy7n1,n2 ni,ne __ c0yy/n1,n2
M3 _— e 5 W17_171’ M4 - 6 Wl,l,o 9 M5 — 5 W1707_1 P}

Noyn . :
Wore = SN p A, Ay 2"/l L (202) X Al

C1,C2,C3 3

% €i|5n|(61%-1-02%5%)6%(:3)\24162/1)’
Here, £ = £1 is the valley index, L%(x) is the associated Laguerre polynomial, A=
bAp/2, 6i:6,~€27k2i\/§b/2, 6025,;;27@, n=max[ny, ng|, n=min[ny, ny|, h=mn; —ny and

Npyny =(1=0n,1) 1—5%_1)\/ 1+0n,0 \/ 1 +5n2,0(1—5m7_2)(1—6,127_2)\/ 140,41 \/ 14+0,1-

4.5 Magnetic butterfly spectra of moiré-perturbed

BLG

The most interesting feature of electrons in clean BLG in strong magnetic fields
is the degeneracy of the two orbital LLs, with n = 0 and n = 1, which appear at
e = 0, the edge between the valence and conduction bands. As shown in Fig. 4.1,
the mixing of these degenerate LLs by the moiré superlattice potential determines
the main features of the lower-energy portion of the magnetic miniband spectrum.

Figure 4.1 shows both the band structure in the absence of a magnetic field (the
left panels) and the magnetic spectrum of the K and K’ valleys of the BLG/h-
BN heterostructure (the right panels) for different parameter sets. For small flux,
the magnetic miniband spectra can be traced to the sequence of LLs for (gapped)
BLG. At a higher flux, these LLs broaden and split, forming a fractal pattern,

with the most striking features formed around zero energy. Because of the large

energy spacing between the zero-energy and next LL, i.e. Ae ~ m}\2 in Eq. (2.36),
B

the qualitative features of the spectrum around zero energy can be explained by

considering only the coupling between the two zero-energy states, i.e. n = 0 and

n=1.
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Figure 4.1: The fractal energy spectrum of the moiré pattern for (from top to bottom)
{0.032, —0.063, —0.055}, up = —0.15, u; = 0.15 and ug = 0.15. The
left inset shows the band structure of moiré perturbed BLG in the absence of a magnetic
field, which illustrates the generically gapped original DP and the secondary gapped DP
in the valence band. The middle and right subplots show the magnetic spectrum of
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Beyond the features of SLG discussed in Chapter 3, including traceable LLs,
the hierarchy of DP and incompressible electron states, we note that the valley
symmetry of the spectrum of moiré perturbed BLG, preserved in the absence of
a magnetic field, is broken. This occurs because, in the absence of the perturba-
tion, the distribution of the wave function among the layers is, for a given LL,
exactly inverted in the two valleys. The moiré potential primarily affects the wave
function component in the top layer, which is directly below h-BN, breaking the
layer symmetry and leading to valley-asymmetric spectra with gaps. As shown in
Fig. 2.14, the zero-energy LL are localized, depending on the valley, either com-
pletely on the bottom (K") or on the top (K) layer in the absence of perturbation.
The spectrum in the valley in which the wave function sits on the layer furthest
from the substrate, contains a zero-energy LL completely decoupled from the rest
of the spectrum. This is highlighted in red in the left-hand side of the main panel
of Fig. 4.1.

As discussed in [174], we note that the Hamiltonian of Eq. (4.2) has the property

up,u1,u3 __ —ug,u1,—u3

Kip = —€xip . In particular, for the situation ug = us = 0 and u; # 0, we

find that the Hamiltonian of Eq. (4.2) obeys azﬁgaz = —Iilg, which prescribes an
“electron-hole” symmetry in the resulting spectrum. This relation also suggests

that
CRIED = =GRl G = = QI A,

such that the Heisenberg matrix has 2p-fold degenerate eigenvalues € = 0. Hence

in such a moiré superlattice, the zero-energy LL remains completely unperturbed.

4.6 Summary

In summary, we have shown that the presence of the h-BN substrate lifts the valley
degeneracy of BLG in a magnetic field, which in turn leads to a different magnetic

Hofstadter’s butterfly in each of the valleys. Furthermore, the zero-energy LL
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located on the top layer remains unaffected by the moiré perturbation, making
the BLG/h-BN spectra unique in comparison to other known magnetic spectra, in

which all LLs split into sub-bands.
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Chapter 5

Influence of a parallel magnetic
field on the electronic properties

of multilayer graphene

In this chapter, we study how a magnetic field parallel to the graphene layers im-
pacts the low-energy electronic dispersion of BLG and TLG-ABC [19]. Based on
the tight-binding model, we derive the parallel-field-induced term in the Hamilto-
nian [20] and describe its influence on both the low-energy electronic band struc-
ture and the Lifshitz transition [63]. Depending on the magnitude and angle of
the magnetic field, the low-energy dispersion splits into several different phase re-
gions. Our results show that the effect of a parallel field on BLG is similar to
that of uniaxial homogeneous strain [110, 111]. However, in TLG-ABC, results
are more complicated due to the presence of next-nearest layer hopping (v, of the
Slonczewski-Weiss-McClure parameters [55-57]) which has a strong effect on the

low-energy band structure.

5.1 Introduction

The effects of a perpendicular magnetic field on graphene and the corresponding

LLs have been widely studied [19] in addition to the role of a tilted field in BLG
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[21-26]. To our knowledge, the effect of a parallel magnetic field on BLG and
multilayer graphene has to date been overlooked, because the flux is limited by
the small distance between layers. The manifestation of any effect requires a huge
field ~ 100T, which is why interest in this subject is limited [20]. However, the
Lifshitz transition in BLG and TLG-ABC only occurs in the low-energy regime,
so its interplay with a parallel field may reveal new features that have yet to be
studied.

In this chapter, we study the influence of a parallel field on the Lifshitz tran-
sition in BLG and TLG-ABC, comparing our results with the effect of strain
[110]. First, BLG is initially described within the tight-binding model, and a par-
allel magnetic field is introduced by Peierls substitution [83, 109, 112]. Next, the
model is reduced to a two-component low-energy effective Hamiltonian. The band
structure of BLG with a parallel field is comprehensively analyzed, and the phase
diagram is compared with that of strained BLG. Next, TLG-ABC with a parallel
field is studied in a similar manner. In addition, after deriving the effective two-
component Hamiltonian for TLG, we study its low-energy band structure without
the effect of skewed hopping 73, then discuss the interplay between 3 and 7, in

the presence of a parallel field.

5.2 BLG with a parallel magnetic field

5.2.1 Low-energy Hamiltonian of BLG with a parallel mag-

netic field

In a parallel magnetic field, the degeneracy of electron spin will be lifted by Zeeman
effect, for B = 10T, the Zeeman energy is Ezeeman = fte B = —0.58meV where the
magnetic momentum of an electron is p, = —9.3 x 10724J/T.

Although the Zeeman energy scale is comparable with the trigonal warping
of BLG, F = 71v3/4v? ~ 1meV. and the interaction between the Zeeman effect

and trigonal warping is complicated. However, in the vicinity of zero energy, the
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dominant impact Zeeman effect has on the band structure is in lifting the spin
degeneracy, duplication and shifting the location of Dirac cone. Note that this
does not affect the shape and dispersion of the Dirac cone, due to the coupling
between spin and orbit is weak [113]. In other words, the Zeeman effect is almost
irrelevant in comparison to the effect the parallel field has on the shape of the
electronic bands. Therefore, we only focus on the orbital effect of the magnetic
field and disregard possible spin effects [20, 141].

In the tight binding model, the electromagnetic interaction is induced by the
Peierls substitution [83, 109, 112]. Any two operators located at different sites, i.e.
n and n+ 9, are connected by an additional phase factor that represents the effect

of parallel transport along the magnetic field direction, as shown in Fig. 2.4),

f(k) = iexp (@k 5, — e /Wi Adm) | (5.1)

i=1 n

Here, k is the vector momentum and &; is the relative vector between atomic
sites. Applying a Taylor expansion in the vicinity of the K point, we can obtain
an expression for the shift momentum, which is different for each hopping path.
Considering a BLG sheet with a parallel field, the vector potential is chosen such

that the magnetic field can be evaluated as follows

~

A = 2(Byi — B,j) = Bz(sin(#)i — cos(6)7),

~

B = B,i + B,j = B(cos(f)i + sin(6)7). (5.2)

Using the mid-point between the bottom and top layer as the zero point for coor-

dinate z and applying the transformation k — k + eA, the Hamiltonian of BLG

95



(2.22)

0 ovat wat vgw

R s 0 yo vgAt
Hpic =

mT M 0 vt

veitt i R 0
will be transformed into
A D_; ‘A/o A 0 117:T]L N "U47:TT "U3’/:T
Hb — X 2 R , Dn = ~ " , n = " ~n
VOT D 1 v, O 0l U47%IL

& (7:T0 = 7), and = Bed represents the momentum modifi-

Here 7, = 7t + nfie”
cation due to parallel field B, where e is the electron charge and 6 describes the
angle of the field. When B = 1T, 8 ~ 3 x 10™%y/v.

Based on [20], we consider the situation in which the energy is much lower than
~1. Using the Schrieffer-Wolff transformation and assume that v, > €, vk, v, vsk,
we can obtain a new low-energy effective Hamiltonian in the basis of orbitals on
Al and B2 sites as follows:

1 0 #f2

H=H +H,+H;, H =-——
2m\ s g

. 0 =« . 32 0 —e 2
H2 = U3 H3 = —

_ 5.3
0 Smo\ et g o

Here, the effective mass of the electron in BLG is m = 7;/(2v?). This new low-
energy Hamiltonian has one additional term, ﬁg, which describes the parallel field
effect. The term H; results in a parabolic dispersion within a relatively high-energy
region [68]. Both of the H, and Hj terms tend to modify the topology of the low-
energy band structure when their corresponding energy magnitude is comparable

to that of H,. If |k| < mus, then the second term, H,, will have a significant effect
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on the low-energy band structure, and lead to the appearance of trigonal warping
[68]. The term H;, which will become important when the magnitude of 3 is as

large as k, causes two-fold splitting.

5.2.2 Lifshitz transition in BLG with a parallel field

In the extreme situation of S > muws, where vs can be ignored, the dispersion
relation is
k4 ﬁ4 kQﬁQ

E? =
4m? + 64m? + 8m?2

cos(20 — 2¢p),

where ¢ is the polar angle of momentum k. In the scenario 6 — ¢ = n7 and
k = (3/2, the field splits the low-energy dispersion into two pockets with two new
DPs along the direction of the parallel field direction located at 32v?/(2y1) [20].
There is a strong interplay between the parallel field effect and skewed hopping
v3. To simplify the process of analyzing this interplay, and as there are only two
variables [ and v3 aside from momentum £k, it is convenient to define a dimension-
less variable to eliminate one of these variables. We therefore choose K, = muvs as
a new momentum unit and consequently E, = mv3/2 ~ 2.53meV as new energy
unit. Thus, k = k/K,, 3 = /K, (when B = 55T then 3 = K,), E = E/E, and

the dispersion relation given by the Hamiltonian in Eq. (5.3) is

2 7.\27.2 7.2 7 7.\ 7.2 7.4 Q4
B = (=24 k,)"k;, + 4k, + 2k, (6 + ky )k, + K, + 8

+ 22 [((—2 + kip)ky — l%;) cos(26) + 2(1 + ky )k, sin(26’)] :

The first limiting case we consider regarding the dispersion is for § = 0 in
Eq.(5.3); we obtain a dispersion with the usual trigonal warping and three DPs
located around the central DPs at a distance of 2muws from the centre in momentum
space and with the Lifshitz transition occurring at v3v; /(4v?), as shown in Fig. 2.5.
For § = 0 (i.e. the field is in the direction of one of the three outer DPs) and when

3 < 1, the band structure has four DPs, as shown in Fig. 5.1(a). Increasing B,
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Figure 5.1: Contour plots for the valence band structures of BLG with different parallel
fields. The longer wavelength of the colour light, the higher the energy. The unit of
momentum is K, = mwvs ~ 1/3007y/v. Panels along the top correspond to § = 0 with
strengths as follows: (a) § = 3/4Ky; (b) B = K, and (¢) § = 2K;. Panels along the
bottom correspond to 6 = /2, with strengths as follows: (d) B =Ky (e) B = V3K,

and (f) § = 3K. The point locates (1,0) is always an extreme point (but not necessary
a Dirac point).
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the two DPs on the x-axis move towards each other, and coalesce at 5’ =1, as
shown in Fig. 5.1(b). When 1 < 3 < 3, the two combined DPs have an increase
in energy and form a local minimum, as shown in Fig. 5.1 (c). As 3 > 3, the
magnetic field effect overwhelms the trigonal warping effect of v3, and the band
structure has only two DPs. In general, B =1 and B = 3 are critical values for
phase transitions for the § = 0 case. For §# = /2 (i.e. the field does not cross
the outer DP) and when § < /3, there are four DPs, as shown in Fig. 5.1(d).
With increasing B, three DPs move towards each other and coalesce at ﬁ = /3,
as shown in Fig. 5.1(e). When /3 < 3, two of the three coalesced DPs vanish and
the band structure is left with only two DPs, as shown in Fig. 5.1(f). The effect
of the field overwhelms the effect of v3 from this point onwards. Here, in the case
of  =m/2, B = /3 is the critical condition for a phase transition. For both 6 = 0
and § = 7/2, point (k,, k,) = (1,0)K, is a constant extreme point.

To determine the phase diagram of BLG in a parallel field, we first distinguish
the phase I (i.e. with four DPs) from the other phases. This can easily be achieved
by requiring that the off-diagonal component of the Hamiltonian in Eq. (5.3) be

Zero, i.e.

ey vgAt — 5—26%9 = 0. (5.4)
2m 8&m

This equation can be solved analytically for simple values of 6 or generally solved
by a numerical method. By counting the number of real solutions in the momen-
tum space and for various field strengths, the first phase can be determined. To
determine the remaining phases, which may include a local minimum, we need
some additional criteria. For a continuous function, the determinant of the Hes-
sian matrix (i.e. a matrix of second derivatives) H of the function (i.e. dispersion

E) can be used to determine the property the point (k,, k,) [114], i.e.

9%E 9%E
k2 Ok, 0k

H=| % 2Oy | (5.5)
9’E 9%E

Ok ok, OK2
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If H(k,, ky) > 0, then the point (k,, k,) is a local minimum or maximum depending
on whether 0y, E? > 0 or 0, E? < 0. If H(k,, k,) < 0, then the point (k,, k,) is a
saddle point. In addition, if H(k,, k,) = 0, then we need to include higher order
derivatives. By counting different types of points, we construct the phase diagram
shown in Fig. 5.2, which is six-fold and consists of three phases, and these distinct
phase regions are as follows: (I) Four DPs corresponding to the contour plots
shown as subplots (a) and (d) in Fig. 5.1; (II) Two DPs and one local minimum,
shown as subplots (b) and (e) in Fig. 5.1 and (III) Two DPs shown as subplots (c)
and (f) in Fig. 5.1.

5.2.3 Comparing the effect of parallel field with homoge-

4 Dirac points
61| I 2 Dirac points + local min.
[l 2 Dirac points

neous strain

1 2 3

-3 -2 -1 0
Bx[mvs]

Figure 5.2: The phase diagram of BLG in a parallel magnetic field (left) and with
homogeneous strain (right) [110]. u; and ug is the real and imaginary part of the complex
number w, respectively. In the left panel, the phase shown in yellow corresponds to the
regime with four DPs, the phase shown in red corresponds to the regime with two DPs
and one local minimum and the phase in white corresponds to the regime with only two
DPs.

To describe the effect of homogeneous strain on BLG in the low-energy regime,

the following term is used [110]:

o, = , (5.6)



where w is a complex number. Both terms in H, (i.e. homogeneous strain) and
Hj (i.e. parallel field) do not interact with momentum, so their effect will not
generate three equidistant new DPs as skewed hopping ~v3 does. In the extreme
case of v3 — 0, they only provide a quadratic splitting with two new DPs. Similar
to the phases for a parallel magnetic field, the additional terms of H, lead to a
three-fold rotational symmetric phase diagram with the following three distinct
phases, (a) four DPs, (b) two DPs and one local minimum point and (c¢) two DPs
only.

In Fig. 5.2, both the parallel field and homogeneous strain phase diagrams have
three phases, illustrating the competition between the external effect (i.e. either
parallel magnetic field or homogeneous strain) and the intrinsic trigonal warp-
ing effect due to skewed hopping 3. In general, in the regime of weak external
fields, the trigonal warping effect dominates, so the band structure has four DPs.
With increasing external fields, the double warping effect gradually becomes com-
parable. At certain critical points in the parametric regime, the external fields
overwhelm the intrinsic trigonal warping effect in BLG and the dispersion changes
dramatically.

The difference here arises because strain is not a vector so two opposite strain
directions are identical, but the magnetic field is an axial-vector, so the two oppo-
site field directions are not identical. Therefore, the phase diagram is three-fold
symmetric for strain and six-fold symmetric for a parallel magnetic field.

As for the magnitude of the field, 5%/8m ~ 0.7meV for B = 100T is still smaller
than w = bmeV, which is estimated for 1% strain effect in BLG [111]. Because of
the small distance between the different layers of graphene, the magnetic flux is
limited. Therefore, from the point of view of the band structure, the parallel field
effect on BLG is a weaker version of uniaxial homogeneous strain. For practical
use, a common magnitude of magnetic field in a laboratory is about B = 10T,
B = 0.06[muws] is still in the region of B < 1, so the dominant effect is still 73 and

the low-energy band structure always has four DPs, as in the normal clean BLG.
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5.3 TLG-ABC with a parallel field

5.3.1 Low-energy Hamiltonian of TLG-ABC with a paral-

lel field

By applying a Peierls substitution, we can study the effect of a parallel field
in TLG-ABC Hamiltonian Eq. (2.28). Choosing the same gauge transformation
Eq. (5.2) as in the last section, we can obtain H¢ for TLG-ABC with a parallel

field as follows

A

Dy Vg W

. . . 0 2
He= | VI, Dy Vip |, W= ? (5.7)
. . 0 0
W Vi, D

1/2

Using a Schrieffer-Wolff transformation, we can project the effect of high-energy
atomic sites on low-energy sites, and obtain a two-component effective low-energy

Hamiltonian as

. R . . . v3 0 #f3
Hec = Hey + Heo + Hes, Hey = — ; (5.8)
71 30
01 2,,3 0 e 20zt
N VU ~ A v
H02: (%_{__3(62 2](52)) , HCBZ 5 5 |
N 10 T 20z 0

In addition to the Hamiltonian considered in Ref. [19], the trigonal warping term
Hes includes a magnetic field dependent part, and there is a double-warping term
Hes. Because the underlying dispersion relation changes from square to cubic, the
parallel-field-induced term behaves differently from that of BLG. Trigonal warping
in TLG-ABC has three origins, i.e. the skewed hopping parameter 73, next-nearest
interlayer hopping parameter v, and the parallel field 5. In Heo, the parallel field
term is independent of electronic momentum, and it becomes one of the joint

origins of trigonal warping.
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The Lifshitz transition in TLG-ABC in the absence of an external field occurs
at (V3k3/43)% =~ (12/2 — 2vusk?/v1)?, ie. k =~ 0.0377y/v. Below this energy, 7o
is the dominant term. In a parallel magnetic field, the magnetic field effect is
comparable with vv32/y1 =~ 7, i.e. B =~ 166T. Below this magnitude of the

magnetic field, the dominant term of changing the shape of band is .

5.3.2 TLG-ABC band structure in a parallel magnetic field

with Y3 = 0

Figure 5.3: Contour plots for the energy bands of TLG-ABC in a parallel field with
~v3 = 0. All momenta are in the units of K. = nyf/?’(—’yg/2)1/3/v ~ 1/5079/v. The longer
wavelength of colour light are for the higher energy. Panels along the top cor;espond to

~

the 0 = 0 field with strengths as follows: (a) § = 0K,; (b) f = 1K, and (c¢) 8 = 3/2K..

~

Panels along the bottom corresponds to § = 7/2 with strengths as follows: (d) 8 = 1K;
(e) B =/3/2'/3K,. and (f) § = 3/2K..

As in the discussion of Ref. [19], the trigonal warping in TLG-ABC is domi-
nated by the presence of next-nearest layer hopping 7», as discussed in conjunction
with Eq.(2.29), with magnitude 72/2 = —10meV~ —1/4007,, much higher than
the magnitude of k?vvz /vy in Heo. Therefore, we begin TLG-ABC analysis with a

parallel magnetic field from v3 = 0, which still holds most of the essential features.
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With new units K, = %2/3(—72/2)1/3/11 ~ 0.0270/v and E. = vivy; /v3 ~ 0.3meV,
the physical quantities change to k = k/K. and B =3 /K, E=E /E.. Further-

more, the dispersion is given as

E2 o =1—2k3 + kS + 6k, k2 + 3kak2 + 32k + kS + (k2 + k2) 6" (5.9)

+ 232 |(—hy + it — i) cos(260) + ks, (1 4 2k, (B2 + l%§)> sin(29)] .

Using the above dispersion, we calculated the contour plots shown in Fig. 5.3 for
different magnitudes and directions of the parallel magnetic field.

In the case of § = 0, the dispersion reduces to E? = k% + 1 — 2k? cos(3¢), and
the DPs spread around the central local minimum at a distance of k = 1, as shown
in Fig. 5.3(a). When 6 = 0, the TLG-ABC band structure in a parallel magnetic
field always has three DPs, and the distance between each of them increases with
the increase of magnetic field, as shown in Figs. 5.3(b) and 5.3(c). When 6 = /2,
the band structure still has three DPs, as shown in Figs. 5.3(d) and 5.3(f), except
for one scenario in which it has only two DPs, as shown in Fig. 5.3(e). The origin
of this phenomenon is that two of the three DPs become superimposed when the
parallel magnetic field effect overwhelms the trigonal warping effect, which occurs
at § = /3/2'3K, (i.e. B~ 900T).

In the extreme case of 3> K., the effect of ~v9 can be neglected, so the parallel
magnetic field will lead to a three-fold splitting. All three DPs are on the same
axis which is perpendicular to the magnetic field direction, which is similar to that

of Fig. 5.3(f). The monotonic phase diagram for v3 = 0 is shown in Fig. 5.6(a).

5.3.3 Lifshitz transition in the presence of v, and v3

Given that we already have three parameters 7., 73 and [ together with momentum
k, it is not possible to only keep one parameter and eliminate the other two by
simply introducing a new dimensionless unit as in BLG or TLG-ABC (without 73).

Therefore, we employ a new unit to simplify and eliminate 3, Kq = v37y; /v? ~
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Figure 5.4: Contour plots for TLG-ABC in a parallel field, with 73 # 0 and v # 0. All
momenta are in the units of Kq = v37y1 /v? ~ 1/15070/v. The longer wavelength of colour
light are for the higher energy. Panels along the top correspond to § = 0 with strengths
of the fields as follows (a) § = 0; (b) § = 2/v3Ky and (c) 3 = 4K,. Panels along the
bottom correspond to 6 = 7/2 with strengths of the fields as follows (d) § = 2Kg; (e)
B =3.7K4 and (f) 3 = 4K4. Given that Kq = 1/1507/v is 1/3 of K, ~ 1/5070/v, i.e.
the scale of the axis in Fig. 5.3 and Fig. 5.5.
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0.017p/v with Eq = v37;/v® ~ 0.3meV and leave vy, and 3 for the analysis. Thus,
we have k = k/Kq, 3 = 8/Ky, E = E/E4 and 45 = 72 /Eq. The new regularized

dispersion is:

B} = Bi + B, (5.10)
B3, = 4k 50+ B+ RPBP(— 4+ 57) + 2k (—2k% + 52) cos(3p)
+ 2kf° (/;3 cos(2¢p — 20) + (—2k* + %) cos(y + 29)) ,

1 . . . .
Ely = Z% <—8/€2 + 437 + Ao + 4k> cos(3p) + 4kB* cos(p + 29)) .

By analytically evaluating the parallel-magnetic field dispersion with vz and
~v2, we can finally recognize that there are 19 extreme points. Among them, nine
are potential DPs. Although analytical expressions for k, and 12;y are obtainable,
expressions are along and complicated, and not particularly useful.

Since the presence of v5/2 = —50E,; completely overwhelms the effect of 3 for

B =0, the dispersion becomes
B? = (K — 2k* — 25)? + 4k%(25 + 2k?) sin(3¢/2). (5.11)

Compared with the situation in which v3 = 0, we note that when 6 = 0, the
band structure will be similar to that of Fig. 5.3. When 6 = 7/2, the presence
of 3 generates additional DPs and a new phase within the regime of small 3
values. With increasing 3, the parallel field effect overwhelms the effect of v3, so
the topology of the two band structures is qualitatively identical with or without
v3. As for the phase diagram, which is shown in Fig. 5.6(b), the presence of 73
causes it to become anisotropic. Only in a specific window of J and 6 are there

additional phases.
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Figure 5.5: Contour plot of TLG-ABC band structure in a parallel field with v = 0.
The axes are k, and k,. All momenta are in units of Kq = v371/v? ~ 1/15070/v. The
longer wavelength of colour light, the higher the energy. Panels along the top correspond
to 6 = 0 with strengths as follows: (a) 3 = 0; (b) 3 = 1/2K, and (c) § = = 3/2K,. Panels
along the bottom correspond to § = 7/2 and (d) 8 = 1/2Kgy; (¢) = 7/2 3 = 1K, and
(f) = 317/64, 3 = 1/2K4. Finally, the scaling of the axes in Fig. 5.5 is the same as in
Fig. 5.3 and Fig. 5.4.
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5.3.4 TLG-ABC band structure in a parallel field and the

absence of

In Eq. (5.7), we employed 75 as half of the value in bulk graphite, but the exact
value of 7, in TLG-ABC is still unknown. Therefore, for completeness, we discuss
different input values of v, for the dispersion.

First, consider the extreme situation in which 45 = 0. Following the same
procedure of counting DPs as before, we can distinguish the following four different
major phases, as shown in Fig. 5.5: (I) three DPs shown in subplots (a), (¢) and
(e); (II) five DPs shown in subplot (b); (III) seven DPs shown in subplot (f) and
(IV) 9 DPs shown in subplot (d).

By comparing this set of band structures (i.e. Fig. 5.5) with the former band
structures obtained in Figs. 5.1, 5.3 and 5.4, we note that the extremely low-energy
band structure becomes more complicated due to the existence of v3. The maxi-
mum number of DPs achieved is nine points as shown as Fig. 5.5(d). The existence
of 45 simplifies the complicated band structure given by 3. The corresponding
phase diagram, which is anisotropic, is shown in Fig. 5.6(f); as evident from the

figure, the number of DPs monotonically decreases with increasing /.

5.3.5 TLG-ABC phase diagram with a parallel magnetic
field

If v3 = 0, then the phase always has three DPs and is isotropic, as shown in
Fig. 5.6(a). If 45 = 0, then there will be four different phases with three, five, seven
and nine DPs, as shown in Fig. 5.6(c). Between these two extremes, the interplay
between 7, and 73 leads to a shift between the one and four phase situations. When
~9 equals half the value of that of in bulk graphite, the phase diagram consists of
five DPs and three DPs, and the five DPs phase only exist in six small triangular

regions, as shown in Fig. 5.6(b).
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Figure 5.6: TLG-ABC phase diagram with a parallel field. All momenta are in units
of Kg = v3y1/v? ~ 1/10079/v. For B = Ky, B ~ 300T. The left subplot corresponds
to 73 = 0 and 72 equal to half the value of that of bulk graphite. The middle subplot
corresponds to for v3 = 0.1v9 and 5 equal to half the value of that of bulk graphite. The
right subplot corresponds to 3 = 0.1yg and 2 = 0. The colour represents the different
number of DPs, cyan corresponds to three DPs, yellow corresponds to five DPs, red
corresponds to seven DPs and blue corresponds to nine DPs.

5.4 Conclusion

In this chapter, we discussed the influence of a parallel magnetic field on BLG,
and we then compared our results with the effect of homogeneous strain in BLG.
As shown in this chapter, these two influences are similar: both phase diagrams
consist of three phases and a maximum of four DPs. The difference between the
parallel magnetic field and homogeneous strain is that the phase diagram of the
latter is three-fold, whereas it is six-fold for the former. Furthermore, the effect
of a parallel magnetic field is as small as that of a 1% strain. In addition, we
investigated the effect of a parallel magnetic field on TLG-ABC, finding that ~3
solely provides sophisticated phases and v, generally overwhelms the effect of ;.

Finally, we obtained a diagram consisting of two phases.
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Chapter 6

Electronic transport properties of

multilayer graphene

6.1 Introduction

As noted in Chapter 2, interactions between different layers in multilayer graphene
may be described by additional hopping parameters in the tight-binding model,
and their effect is manifested in band structure and transport properties [31, 34].
For example, trigonal warping, which is the distortion of the band structure in
the low-energy region, is caused by skew hopping 3 in BLG and next-nearest-
layer hopping 7, in TLG-ABC. Such a change in the band structure will alter the
transport properties in the low-energy region [33]. The minimum conductivity o,,
of finite-size multilayer graphene ! is still an open and interesting question [7, 32].

Snyman and Beenakker [29] calculated o, for BLG in the absence of 73 using an
analytical mode matching (MM) method, finding that it is o, = 20, where og =
gsgv€? /I is minimum conductivity of SLG [128], and g, and g, are the degeneracy
of spin and valley, respectively. Then, Cserti [30] calculated o,,, including the effect
of 73, using Kubo’s formula. His results suggest that o, of BLG will increase

three-fold when ~3 is considered, i.e. o,, = 60¢. The transport properties of this

'The minimum conductivity is the characteristic of the system. In experiment, one may not
be necessary to know where DP is; however, with the equipment of this information, one can
tune the gate voltage to the minimum conductivity to approach DP.
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system have also been calculated by Gao using a Green Function (GF) method
[115]. Experimental measurement on minimum conductivity of BLG is studied by
NovoSelov et al [93].

In this chapter, the transport properties of multilayer graphene, especially
BLG, and TLG-ABA and TLG-ABC, are studied using analytical as well as nu-
merical methods and the results of these methods are compared. We also discuss
the impact of using different parameter values. This chapter is organized as follows.
In Section 6.2, we introduce the main concepts for calculating transport properties
and the setup used in our study. In Section 6.3, we describe the analytical mode
matching method. Next, in Section 6.4, we show and discuss the results of this
method. In Section 6.5, we describe the numerical method used, i.e. the recursive
GF method is described. In Section 6.6, we describe the numerical results of the
recursive GF approach and compare them with the results of the mode matching

method.

6.2 Theoretical framework of transport

6.2.1 Sketch of setup

Uy E Uc Ur
> > >
L ¢C R

Y
Y
Y

A
A
A

Figure 6.1: Sketch of the transport setup. The black arrow represents the propagating
modes of the wave function.

In this section, we describe the conceptual setup used in later calculations. A
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sketch of the setup used in our study is shown in Fig. 6.1. The setup models a
two-probe conductance measurement with a central conductor (a graphene ribbon)
sandwiched between two leads. Here, Uy, Us and Uy are the gate voltages applied
to the left lead, central conductor and right lead, respectively, and F is the incident
electron energy. In the left lead, ¢7 and ¢7 are the rightwards incident wave and
leftwards reflected wave, respectively. On the right-hand side, ¢7 and ¢j are the
rightwards outgoing wave and leftwards incident wave, respectively. The waves in

the conductor are denoted by ¢¢.

6.2.2 Landauer-Bittiker formalism

The fundamental equation describing the transport properties of mesoscopic sys-
tems is the Landauer-Biittiker (LB) formula. A further discussion of electronic
transport in mesoscopic systems can be found in Appendix. J.1 LB formula trans-

forms the transmission problem into a scattering problem [117] as follows:

:2_62:U/R_,UL*

I T. 1
R (6.1)

Here, I is the current, p/r is the chemical potential, the left-right transmission
probability (flux), T' = > nm |Spm|?; Snm is the element of scattering matrix S =
[$nm) and n/m is the index of the transverse mode of the wave function [133]. The
LB formula is the mesoscopic version of Ohm’s rule, I = U/R, where R is the
macroscopic resistance, and 1/R can be considered as a generalization of different
scattering channels. A further discussion about scattering matrix can be found in
Appendix J.3.

Thus, the Landau conductance and conductivity are

2
_ L
G = g%T, o= WG. (6.2)

Here, ¢ is degeneracy, for graphene it is the product of spin and valley degen-

eracy, i.e. 4. The expression of the other transport properties can be found in
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Appendix J.2.

6.3 Mode matching method

6.3.1 Theoretical introduction

The basis of the mode matching method is to match the incident wave to the
outgoing waves at each interface. This method can be used to calculate the trans-
mission coefficients and also other transport properties. A further discussion can
be found in Appendix J.4.

At the interface between the left lead and conductor, the matching equation is

1 t11
0 12
(i enoonoon )| |=(da e om oa )| ™| 69
11 0
T12 0

Here, transmission coefficients ¢;; and ¢ and reflection coefficients r1; and 719
construct the t-matrix and the r-matrix, respectively, i.e.

t11 t12 11 Ti2
t= , r= : (6.4)

to1  tao To1 T22

Note that “1” represents the unit incident wave amplitude. We also consider mode

matching at the right interface and the phase factor e*** acquired by each wave

while propagating within the conductor.

6.3.2 Wave function of BLG at zero energy

In this section, we calculate the minimum conductivity o, of multilayer graphene
of finite size at zero temperature, zero energy, zero external field and zero impurity,

which is a well-defined system [184].
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We first need to find the wave functions for both conductor and leads. For the

former, Eq. (2.22) can be solved at Us = E = 0 in the absence of 73 and 4 from

vi'B1 =0,
vt Al + 1 A2 = 0,
mBl +vi'B2 =0,

vFA2 = 0. (6.5)

These equations separate, so exact analytical solutions for the £ = 0 wave function

are (not normalized) calculated as?

0 0 1 —z
0 1 0 0

X1 = y X2 = y X3 = y X4 = : (66)
0 0 0 1
1 ﬁ 0 0

Here, l; = v/v; is the characteristic length and x represents the coordinate. We
observe that the peculiar form of the wave functions depend on x, which means
that in the process of propagation the electron density shifts from the dimer to the
non-dimer site. Since the corresponding dispersion relation related to the dimer
site is at higher energy, it can only have a virtual state at zero energy. In the leads,
the gate voltage and the Fermi level should be large enough to provide a sufficient
number of transverse modes to guarantee that a reduction in conductivity is not
due to the leads. For this reason, we can solve the equation at E=o0 to guarantee
that the leads act as a source. In this case, the wave functions are (not normalized)

calculated as?

2In the solving process, one will encounter equation 7#2A1 = 0. This equation can be solved
by an ansatz ¢ = xe'F=Teikvy,

3This set of wave function can be derived by solving Eq. (2.22) in the ab
sence of w3 and wy. The four eigen energies can be expressed as: Fg, 4, =

(171 + az\/4v?p?> ++%)/2, and four corresponding eigen functions are: g, 4, =
(—a1(pz + ipy)?/p*, —ia1a2 B, ay (Px + ipy) /(vD?), —ia2Ea, ay (Do + ipy)/(vp?),1). In the ex-
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—1 0 1 0
1 0 1 0
= y Ta = , T3 = , T4 = . (67)
0 —1 0 )
0 1 0 1

In this situation, infinite energy overwhelms the interlayer hopping effect, therefore,

the layers are essentially separate.

6.3.3 Minimum conductivity contributed by evanescent modes

As shown in Eq. (2.26), at zero energy, there is no non-zero real solution for the
dispersion relation of BLG, i.e., propagating modes are prohibited in this region,
there is only evanescent modes * . For a wide and narrow conductor (W > L)
in which W is the width of the conductor, there are many evanescent modes that
contribute appreciably to the conductance. This is somewhat counter-intuitive,
because an evanescent mode should only contribute towards transport over a small
length before vanishing. In an undoped clean graphene sheet at zero energy, all
modes are evanescent, and o, is dominated by transport due to evanescent modes
[128].

For a wide and short conductor (W > L), the boundary condition in the y
direction is irrelevant, so in the 7; > € region, the summation of the discretized
transverse momentum k, , = 2mn/W, n = 0,£1,%2, ..., determined by periodic

boundary condition, can be replaced by an integral over £, i.e.

trft.tT] — g / N dk, Y " T.(0, k,). (6.8)

treme of E > ~vy,0p,, p? =~ p2, the wave function can be simplified as g, a,
(—a1, —ta1a9py /|pz|, —ia2ps/|pz], 1). Here, we take ag = 1 (conduction band), then the different
signs of a1 and p, will generate four wave functions.

4For a plain wave, e?*=* if k, € R, it will not decay in propagation, so it is called “propagating
modes”. However, if k, ¢ R, it will decay (or explode) in propagation, so it is called “evanescent
modes”. A detailed discussion can be found in Appendix. J.5.
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Then, the conductance can be calculated from the Landauer-Biittiker formula, i.e.

Eq. (J.10).

6.4 Numerical results of the mode matching method

6.4.1 Minimum conductivity of BLG at £ = 0 with v; only

1.0 q  L=1000a L=1000a
A , 71=0 /\ 71%0.1i0]
[ | \ aq=4.1e°/h]

| |
.‘ﬂl {\ J\ [
T 0.5 [ | [ [

|
‘I"‘. / [
/ \ \ / f"J I"\
. \ ! / \ 5 / \\ N

.01 -0. 01 0 0.01
ky [Yo/v] ky [vo/v]

-0.01

Figure 6.2: Transmission coefficients for BLG at zero energy for a system with L =
1000a4 and 3 = 0; the calculation for ; = 0 is shown on the left, whereas the calculation
for 1 # 0 is shown on the right.

First we study the minimum conductivity of BLG, at zero energy in the simplest
parametric region, and therefore, we only include vy and ; in this model [29]. The
distribution of transmission coefficients along k, is shown in Fig. 6.2.

The transmission coefficients T4 (e, ky) for BLG, in the absence of 3, are given

by the eigenvalues of ¢.t1, i.e.

Ty(e, k,) = cosh™?(k,L + k.L),

L L?
k.= L 'log | — R 6.9

o8 (251 LT 4z%) (6.9)
Here, the characteristic length is l; = v/y;. £k, is the location of the peak of

the right panel of Fig. 6.2. The value of peak is unit. Then, from Eq. (J.10) and

Eq. (6.8), the minimum conductivity of the simplest BLG model [29] is

2
Om = 209, 09 = gsgv%. (6.10)
m
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This is two times the minimum conductivity of SLG [7, 135]. Note that ~; by itself
does not influence the transport properties of BLG, but shifts the distribution of

transmission coefficients along the k, axes.

6.4.2 Minimum conductivity of BLG at ¥ = 0, with -3 only

1. 0] L=1000a 2 ‘
=0 n=0 |
/’, ¥3=0.1[yo] 73:0_1[70]!
. // = /
‘ S
T 0. 5. /i” o 1 /
/ /
/ |
|
0 /-/ 0 |
-0. 004 0 0. 004 0 500 1000 1500
kylvo/v] Lla,]

Figure 6.3: Transport properties of BLG at zero energy for v3 = 0.1 and y; = 0.
In the left plot, the horizontal axis k, is in unit of y9/v and vertical axis represents
transmission coefficients T". The length of the example setup is L = 1000a,. The blue
horizontal line is reference conductivity o, = 20g.

For completeness, we also calculated the transmission probability of BLG with
v3 = 0.1 and v; = 0, obtaining the results shown in Fig. 6.3. As shown in
Fig. 6.3, the existence of 73 changes the minimum conductivity to be a function of
system length. If the length of system is too short, the minimum conductivity can
even be zero, which is counter-intuitive because the shorter the length of system,
the easier it is to penetrate for evanescent modes. When system length L > 200ay,
we have og—g =~ 2.0050¢, i.e. two times the minimum conductivity obtained for

the simplest BLG model in the previous subsection.
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Figure 6.4: Transport properties of BLG for E = 0 and v = v3 = 70/10. The left
plot shows the probability distribution as a function of k, for L = 13500a, = 90l3. The
right plot shows o, as a function of L. The blue horizontal line is reference conductivity
Om = 200.

6.4.3 Minimum conductivity of BLG at £ = 0 with 73 and

!

The eigen wave functions of Eq. (2.22) when 74 = 0 and £ = 0 are

1 1 0 0
0 0 B Bn
X1 = y X2 = y X3 = . y X4 — ) (611)
By B 0 0
0 0 1 1

Here, 8, = (1 + p)li/2l3, B, = (1 — p)l1/2l5 and p = /1 + 8k,l5. An analytical
expression we calculated for the transmission probability for BLG with 7, = 70/10

and 3 = /10 is

Ti(e, ky) (6.12)
_ A%% (A2 cosh () (p? cosh® (a,) +sinh®(ay,)) +sinh®(,) (cosh(2a, ) (T4 +1) +272))
(cosh(2a,) (T2 — 1)24-A2p2 cosh (20 ) — (72 + 1)2+X2)? '

Here, oy = —Lk, — L/2l3, a, = —Lp/2l3, l3 = lyv/vg ~ 150ay, A = l1/l3 and
72 = A\2(1—p?)/2. From the above, the transport probability depends on variables
L, k, and [3, the latter being the characteristic length given by 3. The left panel

of Fig. 6.4 shows transmission probability as a function of k,.
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The behaviour of minimum conductivity o, as a function of L is also shown in
Fig. 6.4. In the region of L < [3 = 150a,, the effect of v3 lowers the value of o,,,
even to zero. With an increase of L, 0, increases quickly, and at L ~ 2000q,, it
starts to oscillate. This oscillatory behaviour is due to the resonance of evanescent
modes at certain lengths. Once L ~ 10l3, conductivity becomes almost stable at
50¢; beyond this value, the increase of o, slows down, gradually approaching the
expected analytical value of 6oy [30].

From Eq. (6.12), the ratio between the system length L and the characteristic
length I3 changes the resonance conditions for the evanescent modes, therefore
revealing the manifestation of v3 in the transport properties of BLG. The smaller

the value of ~3, the larger length L is required to reveal the influence of ~s.

6.4.4 Minimum conductivity of TLG-ABC at £ =0

To study the minimum conductivity of TLG-ABC at zero energy, zero external
field and zero temperature, we investigate the effect of each of the parameters
from most important to least important.

The simplest model for TLG-ABC only includes intralayer hopping ~, and
vertical interlayer hopping v;, which together capture the features of the cubic
dispersion of the TLG-ABC band structure in Eq. (2.29). The next parameter in
order of importance that we consider is 5. As discussed in the Section 2.5.1 and
expressed in Eq. (2.29), v, induces the trigonal warping effect in TLG-ABC and
therefore causes significant modifications in the band structure [19].

Finally, skewed hopping 73 is considered as it has a weaker impact on the band
structure. The other skewed interlayer hopping 74 is omitted in this calculation,
as it is relatively small compared to the other parameters and only induces an

electron-hole asymmetry in the band structure.
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6.4.5 Minimum conductivity of TLG-ABC at E = 0 with

v1 and 7o
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Figure 6.5: Regarding the transmission probability for TLG-ABC at zero energy, for
the result in the left plot, we only considered the effect of 71, i.e. 3 = 0, whereas for
the right plot includes the effect of 7o = —0.0057y. Both situations yield o, = 30¢. In
both the subplots, the horizontal axis k, is in units of v9/v and the vertical axis shows

the transmission amplitude 7". The length of the setup is L = 1000a.

If only ~; is considered in TLG-ABC, then o, = 30y, which is the same as the

conductivity of three separate layers of SLG. As shown in Fig. 6.5, the transmission

coefficients in this case are

T.(e, k,) = cosh™?(k,L + ak.L), o€ [-1,0,1]. (6.13)

The eigenfunctions for v = —0.005vy and v; = 0.1y, are

0 0 0 1 1 1
B B B3 0 0 0
0 0 0 Q1 0%} Q3
X1= y X2= » X3= y X4= » X5— y X6=— >
aq 6% Qs 0 0 0
0 0 0 I B2 B3
1 1 1 0 0 0
(6.14)

Here, apm = [y2/n|*2(inm) ™" B = |2/7nl"3(inm), and n, = @m0/ AL

though the influence of ~5 on the band structure of TLG-ABC is much stronger
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than that of v3 in BLG, from Eq. (2.29), we note that the presence of v, does not

affect o,,.

6.4.6 Minimum conductivity of TLG-ABC at E = 0, with

Yo, 71 and 3

1.0 L=1000a Yy —
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Figure 6.6: Regarding the transport properties of TLG-ABC for £ = 0, 73 = 73 =
70/10 and 2 = 0, the left plot shows the distribution of the transmission coefficients as
a function of k, for L = 1000a, = 6.6/3. In the right plot, oy, is calculated as a function
of L. The blue horizontal line is reference conductivity o,, = 30¢.

To study the interplay between ~; and <3 considering the transport properties
of TLG-ABC, we first set 7, to zero. As shown in Fig. 6.6, v3 reduces the value of

minimum conductivity o, in TLG-ABC, after which o, stabilizes at o, ~ 2.1250.

6.4.7 Minimum conductivity of TLG-ABC at E = 0, with

Y0, Y1, Y2 and 73

As shown in Fig. 6.7, the interplay between 5 and ~3 slightly increases o, to
3.250¢, which is slightly higher than that of three separate SLG, i.e. 30y. Note
that this is still much lower than the minimum conductivity of BLG which is 60.
We observe that the oscillations shown in Fig. 6.6 are much weaker than those of
Fig. 6.7 because the presence of v, increases the distance between the peaks of the
evanescent modes, therefore causing the resonance between different evanescent

modes to be much weaker.
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Figure 6.7: Regarding the transport properties of TLG-ABC in the case of incident
energy F = 0 and both 71 = 73 = 7/10 and 72 = —0.005v9, the left plot shows

the distribution of transmission coefficients as a function of k,, for conductor length
L =1000ay, = 6.63. In the right plot, oy, is calculated through L. The blue horizontal
line is reference conductivity o, = 30g.

6.4.8 Conclusions of the mode matching calculation

In this section, we calculated the minimum conductivity o,, of multilayer graphene,
BLG and TLG-ABC. We found that the role each hopping parameters plays is not
as intuitive as in the band structures. Our analytical evaluation suggests that
vertical hopping such as ; and 75, does not influence o,,. In addition, skewed
hopping 73 changes o, to be a function of length L with a behaviour approximat-
ing a limit. Furthermore, given the interplay between 3 and 7, v significantly
modifies 0, in a non-monotonical manner. In BLG, the interplay between 3 and
v1 increases o,,. However, in TLG-ABC, given the interplay between ~3 and 7y, 7o
decreases o, below the value obtained using BLG. Moreover, the numerical values
of 41 and 2 do not affect the minimum conductivity. Conversely, the exact value
of 3 affects the minimum conductivity, as shown in Eq. (6.12), which depends on
the characteristic length 3. Finally, the mode matching method also induces a
dependency on length L. The completed manifestation of the effect of 3 can only

be observed for L > I3, such as L ~ 90l3 ~ 2um.
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Figure 6.8: Sketch of the transport setup of Green function Calculation. The central
conductor has a hexagonal lattice to represent graphene and is sandwiched between
square lattices (representing normal metal) on the left and right. The edges of the
graphene nano-ribbon are armchair style. The size of this setup is L = 7\/§ag and
W = 8ag, (i.e. 7 hexagons long and 8 hexagons wide). The black arrow represents the
propagating modes of the wave function, and the red arrows define the total length and
width of the ribbon.

6.5 Theory of the recursive GF

6.5.1 Sketch of setup

Because we need to switch from continuous model describing infinite-size sample
to discretized model describing finite-size sample, so here we need to redefine our
conceptual setup. A sketch of the setup used in Green function calculation study
is shown in Fig. 6.8. The idea of this setup is similar to that of Fig. 6.1: two-
probe, conductance measurement and varying gate voltage. However, there are
some details need to be emphasized. In Green function study, the leads adopted
are either normal metal (i.e. square lattice), or graphene (i.e. hexagonal lattice).
The typical size of the setup is L = 30\/§ag and W = 150a,, (i.e. 30 hexagons

long and 150 hexagons wide), with armchair [116] top and bottom edges ® . All

5The reason that we do not calculate the nano-ribbon with a zigzag edge is the electron in
it will have a non-binding edge state, which features very different electronic, magnetic as well
as chemical properties. We are not interested in these weird behavior caused by edge state, we
would like to understand the system as a whole. So in the study of a finite-size setup, we will
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Green function calculations reported here will model systems of this size unless

otherwise stated.

6.5.2 Definition of Green function

Following [117], Green function (GF) is a general name for functions with the

specific mathematical structure
G=(E—-H™, (6.15)

which are usually used for describing the distant response to a source. The GF

can be expanded in a basis of eigenfunctions as®

G (F, 7;1) - Z m. (616)

Here ¢, is the eigen energy of state o, and 7 is an infinitesimal value used to avoid
a singularity. The alternative form of GF, i.e. Eq. (6.16) is more suitable for a

system with solvable wave functions.

6.5.3 Tight binding model and GF

Within the tight-binding model, since the wave functions of the electrons can
be described by the superposition of the atomic orbitals, the Hamiltonian of the
system can be expressed as a matrix in which diagonal elements are the on-site

energies of the atomic orbitals, and off-diagonal elements describe the interactions

keep our study in armchair-edge. If we have a infinite-width setup, we can use continuous model
and we will not observe edge state, which is the reason we did not emphasize this point in the
calculation of mode matching method.

6This expression can be simply obtained by expanding GF on the orthogonal basis of eigen
function of Hamiltonian. In Eq. (6.16), there is a “+in” in the denominator, which indicates it is
‘Retarded” GF. Its counterpart is “Advanced” GF, which features a “—in” in the denominator.
The origin of the two kinds of GF is that Eq. (6.15) has two solutions. One describes an excitation
generating two waves traveling outwards, i.e. distant responses chronologically happen after
a excitation, which is named by retarded GF. Oppositely, the other one describes two waves
traveling inwards and colliding to generate an excitation, i.e. distant responses chronologically
happen before a excitation, which is named by advanced GF. In the following discussion of this
thesis, we will only discuss retarded GF unless stated otherwise.
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Figure 6.9: Diagram of a one-dimensional chain of atoms sandwiched between two one-
dimensional leads. The red/blue dots represents the atomic sites of conductor/leads.
The on-site energies are denoted as €./er/er with the dashed lines between the dots
representing the hopping between different sites, denoted as t./t1,/tr, respectively.

between different atomic sites.
As an example, the discretized Hamiltonian of a one-dimensional wire con-

nected by two different one-dimensional leads, shown in Fig. 6.9, is

€r, tL 0 0 0 0 0
tL €r, tL 0 0 0 0

0 trle t. 010 0 H, H;. 0
0 0|t e t.|0 0 |—| H,; H. Hnp

0 0|0 t e|tg O 0 Hgp. Hg
0 0 0 0 tR €ER tR
0 0 0 0 0 tR €ER

Because only nearest neighbour interactions are allowed, the off-diagonal block

(elements) are zero. Therefore, this matrix is able to be block-diagonalized.

6.5.4 Self energy

At the interface between the leads and the conductor, as shown in Fig. 6.8, the

GF method can be expressed as (6.15), i.e.

G Gpe E—H, —Hp I 0
G, G, ~Hl, E-H. 01

Here, G, and H. are the GF and Hamiltonian of the conductor, respectively, G,
and Hj are the GF and Hamiltonian on the left lead, respectively, and G, G.r

and H e are the off-diagonal block of GF and Hamiltonian.
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The matrix describing the lead is considered to be semi-infinite, so H; and Hp
are of infinite order. A common way to treat this infinite dimensional matrix is to
describe the influence of a lead on the conductor using an effective term called the

self energy (SE), denoted by X, with

Gc - (E - f{c - ZL)_17
EL = ﬁzchﬁLca (617)

gr = [E — [A{L]_l.

For general types of crystal lattice, the self energy is difficult to calculate [120, 122
127]. In Appendix L, we present several methods for calculating the self energy.
As an example, the self energy of a semi infinite normal metal (i.e. a square
lattice) can be calculated using Eq. (6.16) together with the fact that the eigenfunc-
tions of square lattices can be expressed in the form of standing waves sin(ak),
where k is the wave vector. The self energy of the left lead obtained with this
method is ¥ = —e™*%t; /a [117], where t; is the hopping parameter between the

nearest-neighbour atoms in the left lead.

6.5.5 Fisher-Lee relation and transmission probability

The Fisher-Lee relation [118] is the bridge that relates the response at a certain
position to inputs at a different position in the ribbon by using various scattering

matrix components. An element of this relation can be expressed as follows " :
Wr Wy

Snm = —Onm + 1V 0nUm > > X (@) Grr (4;) Xm (P) - (6.18)

Here ¢ € Wg and p € W, are the indices of atomic sites in real space, Wy g is

the width, (i.e. the total amount of sites), n and m are mode indices, G, is the

"This can be simply understood as transforming the distant response in real space into the
response in momentum space, and modifying obtained “probability amplitude” to “current am-
plitude”. In other words, the transmission coefficients s, is obtained by using the eigenfunction
of different modes x,, to extract corresponding probability amplitude from GF, then modulate
it with velocity. Another way of deriving Fisher-Lee relation can be found in Appendix L.1.
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(retarded) GF relating sites ¢ and p, vp/m and X, /m are the the velocity and the
transverse wave function of mode n/m.
Furthermore, we can use this information to obtain the total transmission prob-

ability ®
Tpr = tr [[RGTLGT], Tpp=i [ZL v (6.19)

For a graphene conductor, evanescent modes must be included into the self
energy calculation, as they may penetrate into the finite-size conductor and con-
tribute towards transport. However, in the semi-infinite leads, the evanescent
cannot penetrate the infinite-size lead, this manifests as these modes have zero

group velocity, so the corresponding elements of the transmission matrix vanish

[119).

6.5.6 Generalization of the GF method

Below is a brief procedure for applying the GF method to a transport problem. A
further discussion can be found in Appendix ch:GFacceleration.

(1) Discretize the Hamiltonian for both the leads as well as the conductor.

(2) Based on the Hamiltonian of the lead, obtain the eigenfunction, all modes
(i.e. propagating and evanescent modes), the dispersion relation, the velocity and
the self energy of the lead.

(3) With the self energy describing the effect of the leads on the conductor,
the proper method of dividing the system into slices, and the proper auxiliary
technique (i.e. recursive method or matrix decimation), we can invert the big
matrix and obtain the necessary blocks of the GF.

(4) From the necessary blocks, e.g. Gy, and so on, calculate the S-matrix, and
all the other physical quantities.

The most complicated step in the above GF method is the self energy calcula-

tion, the central conductor region can be easily simulated by a Hamiltonian matrix

8This expression can be simply obtained by deriving the square of Fisher-Lee relation.
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regardless of how complicated its structure is. The self energy calculation involves
finding the eigenfunctions of the lead (especially the relative phase difference be-
tween different sites in one cell), the velocity, (which might be directed opposite to
the momentum), and the contour integral (if the eigenfunction expansion method

is used to obtain the self energy).

6.6 Numerical results of the GF

As the multilayer graphene conductor is connected to the leads, the transport
properties of the system depend on the nature of the leads. However, it is imper-
ative to distinguish physical effects of the conductor from those of the lead and
to minimize any particular effects of the lead. To this end, two different types of
leads are chosen and compared. The first is a normal metal, (i.e. a square lattice),
which is the simpler of the two. The second is the same material as the conductor
itself. The gate voltage is fixed such that the lead has a large number of modes
and the robustness of electronic transport properties at these points is confirmed.
Note that the details of how different lattices are connected at the interface have
no significant influence on the transport properties [129]. In the following sub-
sections, we present various transport results obtained for multilayer graphene for

different parametric regions.

6.6.1 Transport properties of the BLG conductor
Investigation of lead properties

As shown in Fig. 6.10, there is a deep cusp in the centre of the curve for the BLG
lead, but there is no counterpart in the curve corresponding normal metal leads.
Zero conductivity at Uy = 0 arises from the presence of the DP of graphene, in
which both Uy and Ug are zero. The central conductor together with the leads
form an infinitely long and homogeneous system in which the evanescent modes

do not contribute towards transport.
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Figure 6.10: Conductivity of BLG as a function of gate voltage on lead Uy, with Up =
E = 0. The left panel shows results for the normal metal (i.e. a square lattice) leads,
whereas the right panel shows results for BLG leads (hexagonal lattice). The different
lines represent different values of 3. The horizontal line is reference conductivity o, =
20’0.

In the case of Uy, = — for square lattice leads or U = 0.24~, for hexagonal
lattice leads, the lead will have a large number of modes and minimum resistance.
In the latter calculations of this thesis, the gate voltages on the leads are fixed to
the above two values. To keep the matrix inversion stable, a very small complex
value is added to the energy input, which is the source of the asymmetry in the
figure.

Initially, for slowly increasing 73, o increases slowly, but at large values of s,
o drastically changes because the characteristic length of 73, i.e. I3 = vyo/(71173),

decreases when 73 increases, as shown in Fig. 6.4. When L is comparable to I3,

the effect of v3 gradually emerges.

Investigating the robustness of the central conductor

In this subsection, we investigate the robustness of the transport properties of
the central conductor in the parametric region in which the leads have minimum
resistance. As discussed above, minimum resistance in the leads is achieved for
Uy, = — for the square lattice leads and Uy, = 0.247, for graphene leads. Our
results, depicted in Fig. 6.11 for various values of 3 (i.e. 3 = 0, 0.1799, 0.37

and 0.57p), show little change in the conductivity with increasing -3 values. These
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Figure 6.11: Conductivity of the BLG conductor as a function of the gate voltage in
the leads U.. The four plots are for v3 = 0, v3 = 0.17g, 73 = 0.379 and 3 = 0.5,
respectively. The gate voltages of the leads are Uy, = —vg and U, = 0.24~ for the square
lattice (i.e. black solid line) and hexagonal lattice (i.e. red dashed line) respectively. The
incident energy is £ = 0. The horizontal line is reference conductivity o,,, = 20y.
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observations confirm that for small values of ~3, the transport properties of the

device are robust and uncover the low importance of v3 in this parametric region.

Transport properties of the central BLG conductor

15

100 4\

oloo]

Figure 6.12: Regarding the conductivity of BLG as a function of incident energy, the
left plot shows square leads with gate voltage Uy, = —~g, whereas the right plot shows
for BLG leads with Uy, = 0.24vg. Different lines represent results for various values of
~3. The horizontal line is reference conductivity o, = 20y.

By varying overall energy F, the transport properties of the conductor can be
studied, as shown in Fig. 6.12. The conductance in the vicinity of £ = 0, which
corresponds to the position of the DP, exhibits a minimum without becoming zero,
because in the parametric region, evanescent modes are strong and can penetrate
through the central conductor, contributing towards transport. The second local
minimum is the conductance that occurs at £ = 0.247,, in which o falls to almost
zero. This feature occurs because at this energy, we are close to the DP in the
leads, where the evanescent modes are weak and cannot penetrate through the
conductance and do not contribute towards transport.

As shown in Fig. 6.12, conductivity increases with increasing 3. Furthermore,
the minimum conductivity in the absence of v3 confirms the theoretical prediction,
ie. 0, = 209. However, the minimum conductivity of BLG with ~3 effect, i.e.,
om = 60, can be only approached by a very high value of 74 ~ 0.8y > 3 = 0.17.
This confirms our theoretical prediction that the interplay between I3 = v?/v3y; ~
150a, and length of conductor L determines the minimum conductivity. Once I3

is comparable with L = 30v/3a,, (for 74 = 0.8v, I3 ~ 20a,) the trigonal warping
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effect on transport will be explicit. The completely manifestation of that effect
require much longer sample. Additionally, we need W > L [128], (here W/L ~ 5)

so this is the reason that a o,, = 60 is not shown.

Transport properties of the central BLG conductor with biased voltage
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Figure 6.13: The conductivity of BLG as a function of gate voltage on conductor U¢,
the left plot represents square leads with gate voltage Uy, = —~g, whereas the right plot
represents BLG leads with Uy = 0.24v. Different lines represent results for various
values of biased gate voltage dyc.

The biased voltage is defined as dyc = (Uiop — Ubottom) /2, which opens a gap in
the band structure. By applying the biased gate voltage to the conductor, BLG

behaves like a semiconductor [69], as shown in Fig. 6.13.

6.6.2 Transport properties of TLG-ABA and TLG-ABC

Influence of different parameters on the conductivity of TLG-ABC and
TLG-ABA

Our previous calculation from Section 6.4 suggests that the minimum conductivity
om of TLG-ABA and TLG-ABC should be approximately three times that of SLG,
but a small constraint to width W can hinder the numerical calculation. The non-
linear behaviour of ¢, with respect to variations in 73 is because of the oscillations
that occur by varying l3 while maintaining constant length L.

As shown in Fig. 6.16, the effect of v, generally follows the prediction of the

mode matching method, i.e. the value of v does not affect the o,,.
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Figure 6.14: The transport properties of TLG-ABC. In the left panel, a TLG-ABC
ribbon is sandwiched between square lattice leads, with Uy, = —v9 and Ugc = 0. In the
right panel, a TLG-ABC ribbon is sandwiched between TLG-ABC leads with Uy, = 0.5
and Uo = 0. Different lines represents different values of v3. The horizontal line is
reference conductivity o, = 309.
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Figure 6.15: Regarding the transport properties of TLG-ABA. In the left panel, a TLG-
ABA ribbon is sandwiched between square lattice leads with Ur, = —vy and Ug = 0.
In the right panel, a TLG-ABA ribbon is sandwiched between TLG-ABA leads with
Ur, = 0.5 and Ug = 0. Different lines represents different values of 3. The horizontal
line is reference conductivity o, = 30y.
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Figure 6.16: Regarding the transport properties of a TLG-ABC ribbon sandwiched
between square lattice leads with Uy, = —vp, £ = 0 and 3 = 0. Different lines present
different value of 5. The horizontal line is reference conductivity o, = 30¢.
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6.6.3 Conclusion of the GF investigation

Our analytical expressions are based on the continuous situation in which the trans-
verse wave vector k, has infinitely high resolution. However, in the GF calculations,
the resolution of £, is determined by the width of the conductor. This relation sug-
gests that if the width of the system is not large enough, low-energy conductivity
will be decreased or may even be zero. Note that the required computing memory
for the GF calculation is proportional to the square of the width. In addition, the
calculation time is dominated by the matrix inversion, which is proportional to the
cube of the matrix dimension. For example, consider an armchair nano-ribbon of
BLG, with modest size L = 30a, ~ 73A and at least W = 10L ~ 730A(to guar-
antee W > L), which suggests approximately 300 hexagon arranged transversely.
The required memory to save each slice is (300 x 12)% x 8 x 2 ~ 207MB (i.e. 12
atomic sites for one slice of BLG, 8 x 2 digits for one complex number).
Therefore, to observe the effect of 3, the setup needs to fulfill W > L as
L > 90l3 = 13500a, ~ 2um, so we must take W = 10Lpz, =~ 20pm [128]. In
addition to the aforementioned cubic relation of time, this calculation requires
approximately 16,000GB of memory for one block of the calculation (and needs at
least four similarly sized blocks to complete the calculation). This computational
requirement is the current difficulty in the numerical GF calculation approach.
Nevertheless, to study the electronic transport properties of multilayer graphene,
especially in the low-energy region and in the presence of skew hopping parameter
v3, the GF method is applied. Due to the limitations of memory and time, we
did not achieve the condition of L > I3, and therefore, our results do not reveal
the complicated behaviour discussed in Fig. 6.4, or the analytic predictions in the
low-energy region discussed in Ref.[30, 128]. The measurement of minimum con-
ductivity requires very clean sample in zero temperature, zero gate voltage and
zero energy, this is not a easy condition. To our knowledge, there have not been
any experiments to date that have directly proven the results presented in this

chapter.
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Chapter 7

Conclusion

This thesis covered the following topics:

(1) We focussed on the butterfly spectrum of moiré perturbed SLG in a perpen-
dicular magnetic field. Beyond the secondary DP of the moiré perturbed graphene,
the magnetic spectrum demonstrates a hierarchy of third-order DPs with LL struc-
tures. By mapping the size of the gap on the plot of carrier density and magnetic
field strength, the fan diagram provides a theoretical analysis comparable with
experimental results. Moreover, the inversion asymmetry effect lifted valley de-
generacy and exhibited some new filling factors. In addition, magnetic spectra
involving different types of parameter sets were systematically studied.

(2) Based on the work of the previous chapter, we then focussed on the magnetic
spectrum of moiré perturbed BLG in a perpendicular magnetic field. As the
inversion symmetry is broken from the beginning, the magnetic spectra of moiré
perturbed BLG shows two very different spectra in the two valleys and also features
a non-perturbed zeroth LL. Finally, we focussed on the zeroth and first “fractured
LL” in a simple fraction; the simplified 2 x 2 Hamiltonian can be a basis for further
study of the many-body problem around the zero energy of moiré perturbed BLG.

(3) Next, we focussed on the impact of a parallel magnetic field on BLG and
TLG-ABC. The band structure of BLG in a parallel magnetic field may acquire
different shapes depending on the direction and strength of the applied field. These

shapes can be generally classified into three distinct phases based on the number
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of DPs and/or extreme points contained in the spectrum. The phase diagram
of BLG in parallel magnetic field is similar to that of homogeneously strained
BLG. However, the overall effect of the former is much weaker than that of the
latter. Next, we investigated the impact of a parallel magnetic field on the band
structure of TLG-ABC and found that next-nearest layer hopping 7, overwhelms
the trigonal warping effect caused by skewed hopping ~s.

(4) We studied the transport properties of multilayer graphene, by using both
a continuous analytical and a discrete numerical model. The analytical calcula-
tions of minimum conductivity of BLG and TLG-ABC revealed that the vertical
hoppings (i.e. 7 and 72) did not qualitatively affect the transport properties.
However, the skewed hopping (i.e. ~v3) had a sophisticated effect on electronic
transmission in multilayer graphene. The study suggested that the conductivity
of multilayer graphene depends on the system size in the sense that a complete
manifestation of the influence of 3 can only be seen with a relatively long sample.

Our numerical simulations, using the recursive GF method, seemed to confirm
our analytical results. However, significant restrictions in terms of memory and
computational time limited our numerical calculations. Therefore, we were unable

to obtain a definitive confirmation of the analytical results.
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Appendix A

An introduction to fractal

patterns

Figure A.1: The procedure to generate a Koch snowflake fractal pattern up to the 5th
recursion.

A fractal is usually defined as a “Fragmented geometric shape, which can be
divided into several parts, and each part (at least approximately) has the shrunk

overall shape” [201]. That is to say, that a fractal pattern is self-similar. This
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idea was first proposed in the 17th century, but the word “fractal” was coined by
Benoit B. Mandelbrot in 1975.

Typically, a fractal pattern has the following features:

1. It always has a fine structure on any small scale;

2. It is very irregular, and can be described neither entirely nor partly by
traditional Euclidean geometric language;

3. It has a (at least approximate or statistical) self-similar form;

4. In some cases, it has a simple recursive definition.

As an example of a two-dimensional fractal pattern, the Koch snowflake (also
known as the Koch curve) is shown in Fig. A.1 (a algorithm for the generation of
this pattern is given at the end of this chapter in Mathematica language). The
initial perimeter is 1, and the area is s, = v/3/6. Each step increases the perimeter
by 1/3 over its previous value, and the unit of the length increase is e = 1/3", where
n is the number of recursions. Its area limit is so8/5. Infinite recursive steps lead
to an infinite perimeter, with an infinitesimal unit of increased length but finite
area. On can notice that this recursively-defined fractal pattern has some unique
features as compared to a normal line: its length is infinite, and since it has a fine
and irregular structure on any small scale no matter how small, one cannot define
a gauge small enough to describe it. Thus, a Koch curve is not a one-dimensional

pattern. Some new language is needed to describe this type of pattern.

Figure A.2: The fractal dimension of a square. By defining a smaller scale e = 1, 1/2,
1/3, the number of tiles for filling this unit square is N = 1, 4, 9, so that the fractal
dimension of the square is D = —logn/loge = 2.

One of the commonly used characteristics of a fractal is“fractal dimension”.
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This describes how complex the fractal patterns are when measured at different
scales and their capability of “space-filling”. If we define a small “tile” with a scale
is €, and use it to measure the number of the tiles N needed to fill the geometrical

pattern, so from the equation

(1Y - a

the fractal dimension is defined as D = —logn/loge. For example, the fractal
dimension of a square is constantly at D = 2, no matter how small a tile is used,
as shown in Fig. A.2. The same applies to all simple geometrical objects, i.e.
straight line (D = 1), rectangles (D = 2) and cubes (D = 3).

However, this quantity is not necessarily an integer for fractal patterns. Consid-
ering the Koch snowflake as shown in Fig. A.1, in the nth recursive step, the small
tile is the unit of € = 1/3". The perimeter of nth recursive is (1 + 1/3)". There
are N = (1 +1/3)"3" tiles. Thus, the fractal dimension of the Koch snowflake is
given as follows:

logN  log[(141/3)"3"] log4

D= = =
log e log[1/3"] log 3

~ 1.26186,

i.e. the dimension of the Koch snowflake is higher than that of a one dimensional
line but lower than that of a two-dimensional square.

The exact value of fractal dimension quantity D is not always easy to evaluate.
In fact, most of time it is quite difficult to find, and one can only estimate its
upper and lower limits.

A program for generating the Koch snowflake is given as following, where the
function “KochFractal” determines how change to the fractal, if recursively gen-
erated, will generate new fractal patterns:

KochFractal[x_|:={x[[1]],(2 x[[1]]+x[[2]])/3,RotationMatrix[[Pi] /3]
()42 x{[2]]) /3-(2 x[[1]]+x[[2]]) /3)+(2 x[[1]l+=x[[2]]) /3,
(el[1)+2 x[2)))/3:x([21)}:
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Kochsnowflake[PointSet0_nD_]:=Nest[Flatten[KochFractal /@
Partition[#,2,1],1]&, PointSet0,nD];
Graphics[Polygon|Kochsnowflake[{{0,0},{1,0},{1/2,-Sqrt[3]/2},{0,0} },3]]]
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Appendix B

The origin of Hofstadter butterfly

spectrum

The fractal Hofstadter butterfly spectrum, as show in Fig. 3.1, can be generated
considering a two-dimensional square lattice with lattice constant a, as shown in
the top panel of Fig. 3.2. This system can be described by a simple Hamiltonian
of the tight-binding model applied to derive the graphene Hamiltonian in Chap. 2.

If one unit cell has ¢ atomic orbitals, then each atomic orbital can be denoted
by ¢y, [ € [1,q]. Because of the translational symmetry of a crystal, we can build
a tight-binding Bloch wave function ®; of one unit cell which depends on position

vector, r, and the wave vector, k, as follows:

N
y(r, k) = \/—% > e* gy (r — Ryy), (B.1)
=1

where R,;; represents the position of the /th atomic orbital in the ¢th unit cell, and
N is number of unit cells. Then, the electron wave function ¥,(r, k) of each unit

cell can be expressed as a linear superposition of Bloch wave functions as follows:
q
Ui(r, k) = cu®i(r, k), (B.2)

=1

where c;; are the coefficients of the expansion. Based on the electron wave func-
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tion V,(r, k), we can formally express the jth energy eigenvalue E;(k) of the
Hamiltonian of the system H, as follows:
(i) 8 e (@ilH|@:)

Bi(k) = - * | (B.3)
’ (W5]0;) 1 chici (P4 @)

To minimize the energy F;, we calculate the derivative of £; with respect to the

coefficient c*

%, and set OF;/0c;; = 0. Thus, we obtain the following equation:

q q
Z Hycj = E; Z Sicji,
=1 =1
Ha = (@fHI®),  Sa= (@@,
which can be transformed into a matrix form.

As each unit cell contains ¢ atomic orbitals, the ¢ X ¢ matrix equation is given

as follows:

~

Hy; = E;SY;, ¥5=(cpi cip - cjg1 cjg )
Hyy Hy - Hiyga Hy,
Hy, Hj Hy, Hy,
H = (B.4)
Hy 11 Hy 1o Hy 11 Hygqq
Hy, Hy Hyoq Hy,
S11 Si2 S1g-1 Siq
So1 Sy Sog—1 S
S— (B.5)
Sg—11 Sg—12 - Sg-ig-1 Sg-1q
Sy Se - Sur Su

and the energy E; can be obtained by solving the determinant of the secular
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equation as follows:
det(H — ES) =0 (B.6)

We will use the following assumptions to simplify Eq. (B.6): The dominant
contribution of the diagonal entries Hy arises from the same site R, = R; as well
as the nearest neighboring sites |R; — R;| = a. The off-diagonal entries Hy, arise
from the nearest neighboring sites |R; — R;| = a. The contribution of other further

sites is omitted. Therefore, for the diagonal entry,

1 N

Hu=+ > <¢l(f' — Ry;)[H|on(r - Rz,z‘)>

=1

N N
N %Z Z eik.(RM—Rl,i) <¢l(r — Rl,i)|’}:[]¢l(r — Rl,j)>

¢ j near?t

N
= €00 + § tetk (R j—Rui)

j near ¢

wo = (Ou(r = Rup)[Hlou(r — Ry))
t=(or = R Rloi(r = Ruy) ). (B.7)

where €,, is the onsite energy of atomic orbitals in the absence of a magnetic field.
Because its only effect is to shift the global on-site energy, here we simply set it
to zero. t is the transfer integral of the two atomic orbitals in the absence of a
magnetic field, which only depends on the difference between R, ; and R, ; for the

nearest neighboring sites of the square lattice. For off-diagonal entries,

N N
1 ; — ’
Hu =30 7 e R (o — R)[Hlu(r - Rey))

i j near i

N
— Z tetk (R =Ry ;) (B.S)

j near %

Furthermore, we assume that the dominant contribution of each entry of S arises

from the same site R; = R;, and that all wave functions are orthogonal and
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normalized, such that matrix S becomes a unitary matrix. Thus, the eigenenergy
can be obtained by diagonalizing matrix H.

In the case of zero magnetic field, the lattice constant is a, the unit cells are
not enlarged, and each unit cell contains only one atomic orbital, as shown in the

top panel of Fig. 3.2. In this case, matrix H in Eq. (B.5) is a 1 x 1 matrix,

N
IA{H — § eik'(Rl,j*Rl,z‘)

J near ¢
— t(ezkwa + e—zkza + ezkya + e—zkya)

= 2t [cos(ky,a) + cos(kya)]

In finite magnetic field A = B(0, x,0), the Peierls substitution k — k — e¢A

ik'(Rl,j*RlQ

suggests that the exponential term, e i), which describes hopping between

nearest neighboring sites in Eq. (B.8) and (B.7) becomes coordinate dependent,

’L’k-(Rlyijlh Rl,ijl/,i)fieA'(Rl,ijl/, k'(Rl,ijl/ﬂ')

e i) N eik-( i) — ei 6ii27rm¢>/¢>o (B9)
where Ry, ; = ma and the nearest sites are R;; — Ry; = (£a,0) or (0,4a) for a
square lattice. ¢ = Ba? is the magnetic flux threading a unit cell, and ¢y = h/e is
the flux quantum, A = 1.

) 2 i2m(m
For example, if q% = %, the phase factor in Eq. (B.9) pTi2mmys _ Ei2m(m+2)

s
0 ,
will be periodic for length 2a, as shown in the middle panel of Fig. 3.2. The
translational symmetry is reduced by 2 times, and each unit cell contains two
atomic orbitals. The matrix in Eq. (B.5) is of 2 x 2 order now:
cos(k,a cos(kpa
o [ o) cos(iia)
cos(kza) cos(kya — )
One can find that the translational symmetry of the electron in the square

lattice in the magnetic field can be recovered if the ratio between magnetic flux
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and flux quanta ¢ /¢, in e*2™9/% ig a rational number (like 1/2 or 2/3 etc):

S pacz 10

In this case, the magnetic unit cell is enlarged ¢ times, as shown in the bottom

panel of Fig. 3.2. The form of the matrix containing the eigen energies is

cos (kya — 2ma x 0) cos (kya) 0 cos (kya)
cos (kya) cos(k,a — 2w x 1) cos (kya 0
L (ko) cos (h )cos (1a)
0 cos (kya) e cos (kya)
cos (k,a) 0 cos (kya) cos (kya —2ra x (¢ — 1))
(B.11)

The eigenenergies of the bands can be obtained by diagonalizing the matrix for
a given point in the magnetic Brillouin zone. By mapping the bandwidth on the

rational value p/q, the butterfly spectrum can be built as shown in Fig. 3.1.
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Appendix C

The description of moiré pattern

Two super-positioned lattices with the same Bravais lattice structure generate a
supercell with the same lattice structure and a much larger lattice constant, and
the pattern formed by the supercell is called a moiré pattern.

To describe this pattern, we firstly define difference between the two lattice

constants 9 as,
apnN = (1 + 5)ag, (Cl)

where a, ~ 246 A and agy ~ 2.50A are the primitive lattice constants of
graphene and h-BN, respectively. So § = 1.8%. Here, both a, and apy are
not necessary rational number, which means that the exact superlattice constant
a does not exist, i.e. one can not find two integer n; and n, to commensurate the

two lengths,
niagy # neapn, N1, Ng € Z. (C.2)

In other words, the moire pattern in real space does not have exact translational
invariance once if the two lattice constants are not exactly commensurate. There-
fore, we alternatively utilize the concept of “beat” to describe this pattern.

Consider that we have two stasis wave with wave number g and ¢’ respectively.
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Figure C.1: The superposition of two stasis waves. The cyan line represents cos(gz),
and the green line represents cos(g’xz). Their superposition generates a fast oscillation
wave cos(z(g+¢')/2), as the black line shown, as well as a slow oscillation wave cos(z(g—
g')/2), as the red line shown. If we are only interested in “the period of the amplitude
of envelop wave”, but not “the period of phase”, then the periodical envelop wave can
be described by wave number b = g — ¢'.

The triangular equation suggests that their superposition can be expressed as

following form,

cos(gx) + cos(g'z) = QCos(g tg x) cos(g _2 J x). (C.3)

On the right hand side of Eq. (C.3), the first term represents a fast oscillation wave
with wave number (g 4+ ¢')/2, and the second term represents a slow oscillation
envelop wave with a wave number (g — ¢’)/2. As shown in Fig. C.1, “the period
of the amplitude” of envelop wave can be described by wave number b = g — ¢'.
Extend this concept of beat to two-dimensional situation, we can define the
reciprocal vectors of the moiré superlattice. Consider that two substrates of 2D
materials, the difference of reciprocal lattice constant is ¢ = (1+6) g, and a finite

misalignment angle 0, where g(¢') is the module of reciprocal vector g,, (g,). We
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can build following relation

g, = (1408 Reg,,, melo,..,5], (C.4)

where Ry is the rotational operator. For hexagonal lattice, the six (i.e. m =0, ---5)
shortest reciprocal vectors of the moiré superlattice are shown in Fig. 3.5.
In the case of small misalignment angle § ~ 0, the reciprocal vectors of the

moiré superlattice are defined as

, o 6
-0 9
Here, b = |b,,| is the module of reciprocal superlattice vector. Then the moiré
superlattice is defined as
bm+1 X Zz 1 0 0

a,, =

— a,, (C.6)
bm+1 : (bm X lz) 62 + 02 —0 6 !
where a, is the lattice vector of the material with shorter lattice constant, here,

being graphene. In the case of § = 0,

by, =0%g,,, a,=a,/d, (C.7)

g, = ﬁgﬂm/(;((), 47T/\/§CL9).

The superlattice vectors a; and as are shown in Fig. 3.4.

In general, we utilize the concept of beat to overcome the problem of non-
commensuration. Opposite to normal sequence of defining lattice of a system, we
define reciprocal superlattice vector firstly, then we define superlattice vector in
real space. One point need to be emphasized is that the “superlattice constant”
a = |a,,| defined here does not describe the “exact translational invariance of

moiré pattern in real space”, as it only exists for commensurate lattice constants.
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Appendix D

Construction of Hamiltonian of

moiré perturbed graphene

This Hamiltonian Eq. (3.6) is not microscopically derived, but phenomenologically
derived based on symmetric analysis argument. It can be understood as a kinetic
term and potential terms. We take the Dirac Hamiltonian of clean graphene, i.e.,
Eq. (2.19), as the dominant part of Hamiltonian of moiré perturbed graphene ! .
The rest of Eq. (3.6) can be considered as terms due to the moiré potential.

Let’s consider the second term vbug f, , this diagonal term has no o matrices, it
simply describes the potential arising from the moiré perturbation. The vb is the
magnitude of energy scale. Furthermore, we assume moiré perturbation is trans-
lational invariant, and we can represent the periodic moiré potential as a Fourier
series, and relate the scattering process of electron due to moiré potential with the
reciprocal superlattice vectors. Although different reciprocal lattice vectors may
have different coefficients in the Fourier series, we assume this perturbation should
bear the same symmetric properties as the system, such as rotational symmetry, so
the reciprocal lattice vectors of same module will have the same numerical values.
If we only keep the lowest order of reciprocal lattice (reason is given below), then

we can truncate Fourier series and represent it by fy = > e®m" and use uj to

!Because that --BN has a large band gap (i.e. Aypn ~ 6eV [45]), its influence to low-energy
band structure can be counted in by Schrieffer-Wolff transformation, but it is not necessary as
it is trivial.
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describe the size of the potential. So this is the simplest potential term vbug f.

Moreover, because the difference between boron and nitride atom sites, the
inversion symmetry and six-fold rotational symmetry are broken in ~-BN, so we
need an additional term to describe this “asymmetric effect”. Similarly, we repre-
sent the “asymmetric” potential by Fourier series, generalize the size of potential
as ug , and absorb the minus sign into the phase factor term, so we get the term
f- = >, i(=1)me® . This f_ will get a minus sign if coordinate is inverted
r — —r. So this is the potential term vbug f—.

The further two terms in Eq. (3.6), £vbos(ug f— +wus fy) describe the difference
of sublattices caused by moiré perturbation. The reason that uj accompanies
with f_ but not f, is following: The Dirac Hamiltonian of graphene we use here
is not a normal “Hamiltonian”, but actually a matrix of coefficient of Bloch wave
function on sublattices space. When we rotate the coordinate 7/3 (or inverse) in
real space, the sublattice space as well as valley space will change too, we use o
and £ to notify sublattice and valley. So we need to include this effect into the
symmetric operation Cs. The detail of this symmetric operation can be found in
Ref. [88]. Anyway, by applying symmetric operation, the term &vbozug f_ holds
six-fold rotational invariance but {vbosus f4 not.

The last two terms Svo - [lz x V (uff, + ul_f+)} in Eq. (3.6), which has an
additional V operator, describe the modulation of the hopping amplitude between
the nearest atomic sties, . This comes from the fact that o; and o, are mixed
together after the symmetric operation Cs. We need to build a vector matrix o
including these two matrices simultaneously. So we need another vector term to
be the counter part of o. By applying simple rotation to fi, one can discover that
the simplest form of this counter part can be constructed as (—b¥, + b7, bF, + b¥,).
The vector (—bY,,b%) can be transformed into V x fy, associated with uF. The
other vector (b%,,b%) can be transformed into V fv, associated with u; .

The reason of absence of u in Eq. (3.6) is that its effect can be removed by a

gauge transformation, 1" = exp[—i&(ug f_ +uy fi )], so we can omit this term for
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simplicity. Due to symmetric operation requirement, there is no more valid term,
so we construct the Hamiltonian of moiré perturbation.

The validity of discarding higher order of reciprocal superlattice in Fourier
series comes from a numerical investigation [88]. It turns out that higher order
is ten times smaller than lower order, so they can be neglected without too much
compromise of accuracy. This fact can be understood by the following physical
picture. To describe the effect of atomic sites of ~~-BN to sublattices of graphene,
we can calculate it by the electric quadrupole of point charge. Due to the system is
translation-invariant, we can represent this by Fourier series. Then the integral of
the potential depends on the module reciprocal superlattice vector. If we treat this
heterostructure as a two-dimensional system, then the higher order of reciprocal
superlattice vectors are not trivial and can not be discarded at will. However,
if we treat this system as three-dimensional, i.e. count in the interlayer distance
between graphene and A-BN (d = 3.22 A). This distance is much larger than the
Bohr radius of 2p, atomic orbital of graphene (0.27 A< a,. < 0.53 A). The higher
order effect of reciprocal superlattice in Fourier series will decay very fast, therefore
we can neglect them.

This approximation also suggests that the inter-valley scattering is trivial. Be-
cause an inter-valley scattering needs the momentum transferred 0k ~ g,,, where
gm 1s the reciprocal lattice of graphene. From Eq. (C.5), one knows that g, ~ 55b
(0 = 0.18% and 6 = 0), which means that inter-valley scattering is a 55th order
effect or moiré perturbation, so it is obviously trivial.

The formal procedures of constructing this Hamiltonian based on symmetric
analysis argument is following:

1. Determine the dominant term, the Dirac Hamiltonian describing the electron
in clean graphene, which also corresponds to the kinetic energy part.

2. We need to describe the effect of moiré perturbation, but we do not know
the exact form or size of the potential, and we want to include effects correspond-

ing to all different symmetries. So we start our analysis from several symmetric
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requirements:

(a) We assume that the moiré pattern is translation-invariant, so we can rep-
resent the periodic moiré potential by Fourier series.

(b) We assume that the Hamiltonian has the same symmetric properties (ro-
tational invariant, or etc) as the system. The detailed form of this symmetric
operator (and time-reversal operator below) can be found in Ref. [88].

(c) We assume that the Hamiltonian is time-reversal invariant in the absence
of magnetic field.

(d) We do not consider inter-valley scattering, this can be understood from the
fact that only the lowest reciprocal superlattice vector dominates the perturbation.

3. Because that the Dirac Hamiltonian is written on the basis of sublattices and
dependent on valley, so we need to distinguish valid matrix structure from sublat-
tices space and valley space. From the symmetric requirements and assumptions
above, we can rule out all invalid matrix forms. Finally, one can get four potential
matrices: I, {03, (mixed) {oy and Eos.

4. To account in coordinate inversion-symmetric and inversion-asymmetric
terms, we can construct two different Fourier series, f, and f_.

5. Therefore, we can have four matrices multiply two Fourier series, i.e. eight
different symmetric terms, and we use eight parameters u§17273 to describe the
corresponding size of potential respectively. Furthermore, uF can be gauged away,

so finally we have six terms to describe the moiré perturbation.
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Appendix E

The degenerate perturbation

calculation using Green function

Using perturbation theory, one can analytically calculate the nth-order self energy
at the main DP of the moiré perturbed SLG Eq. (3.6), or BLG, Eq. (4.2). Because
that there are two states locating at zero energy, therefore in principle, we need to
use degenerate perturbation theory; however, because the perturbation term only
includes non-zero reciprocal lattice, so the coupling term between the two zero
energy states actually vanishes. The modification comes from the higher orders,
that is the reason the second order perturbation but not first order dominates in
Eq. (3.8).

Assume that a system can be described by a Hamiltonian, ]:IO, and a pertur-

bation, M:
H=Hy+ M. (E.1)

To derive the energy modification of energy valley at £ = 0, we can consider
this problem as obtaining an effective Hamiltonian from the original Hamiltonian
containing all necessary momentum states that are coupled. Because that the
perturbation term only includes the lowest reciprocal lattice vector, so we can

only project the effects of these states onto the zero-energy zero-momentum states
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by Schrieffer-Wolff transformation.
In practice, we utilize Green function to express the effect from couple states.

Green function is defined by Eq. (6.15) and can be Taylor expanded at zero energy

as follows:
G=(E-H)"
= Go+ GoMGy + GoMGoMG, + @(Mg)
~ G0<1 =+ MGO + MGOMGO)a
where

Go = (E — Hy) ™. (E.2)
By inverting this expression, we obtain the following:

E—H=(1+MGy— MGyMG,)'G;*
~ (1= MGy — MGyMG)Gy*
:Gal—M—MGoM

B Hy— - 5O
where the second-order self energy is
SO _ NG, (£.3)

3 contains the effect of coupled states. To understand this process, we use the
moiré perturbation of SLG, Eq. (3.6) to exemplify this procedure. One can consider
right hand side of Eq. (E.3) as following procedures:

(1) an electron (of zero momentum) is moiré perturbed, and the change of its
momentum is b,,;

(2) the propagation of this electron can be described by zeroth order Green
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function Go;

(3) this electron is scattered again by moiré perturbation, and gets an additional
change of momentum b/,,.

After (3), if b,, + b/, # 0, then this term will not generate a modification to
the diagonal term (onsite energy), but an off-diagonal term, i.e., a higher order
modification we are not interested in.

In practice, one can find the combination of reciprocal superlattice with a sum
of zero by, +b,,, = 0, 1.e. (b, b3), (b1, by) and (ba, b5). The second-order self-energy
at the exact DP is as follows:

@ = lim My, Gole, p + bs) My, + My,Gole, p + bo) My,

e—0,p—0
+ My, Go(e, p + ba) My, + My, Go(e,p + by) My,

+ MbgGo(EaP + b5)Mb5 + MbsGO(EaP + b2>sz-

Here, Mbi is the component of M that includes only the Bragg vector, b;.
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Appendix F

Microscopic model for the moiré

perturbation

To describe the interlayer coupling in graphene/h-BN heterostructure, several stud-
ies [87, 175, 189, 190] have made use of the similarity between this system and
twisted BLG. In the latter system [176-179], the electronic structure can be de-
scribed by a bilayer-like Hamiltonian, in which the intralayer blocks are given by
the Dirac Hamiltonian and the interlayer blocks describe the modulation of the
interlayer coupling as a function of the position within the mSL [178]. Applied to
the K valley of the graphene/h-BN heterostructure, such a Hamiltonian takes the

form

. Vo - P T(r . ey 0
Hoayer = | A( ) ,  Hupn = ;
TT('I") HhBN 0 €B
1 W et
T _ —i(R 7j/3K)T N B
T(r) 3 Z e 2mj/3 i
§=0,1,2 Yne's vB

As mentioned above, the Dirac Hamiltonian is used for the graphene layer, IflhBN
describes the h-BN layer with ep and ey characterizing the on-site energy of
the boron and nitrogen sublattices, respectively, and T(’r) describes the spatially

varying interlayer coupling, with v and vy being the hopping integrals from

156



graphene to the boron and nitrogen sites, respectively. For the energies of inter-
est, |¢|] < len|, |eg|, the Hamiltonian can be projected onto the Hilbert space of
the graphene layer using a Schrieffer-Wolff transformation [61, 62], so that the

perturbation can be parametrized by Eq. (3.6) with,
+1 —V3
{Ui:i(),l,?)} = Vi {77 _17 ;/_} )

where
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Appendix G

Vectors in non-orthogonal

coordinates

The word “covariant” and “contra-variant” describes “how the quantitative de-
scription of certain geometric or physical entities changes with a change of basis”
[202] . When an orthogonal basis is rotated into another orthogonal basis, the dis-
tinction between co- and contra-variant vectors is invisible, but in skew coordinate
or, curvilinear coordinates, the differences are clear.

Definition: Let V' be a vector space of dimension N over the field of scalar
S, and let each of f = (z1,22,...,2,), [/ = (Y1,Y2, .., Yn) (& row array with basis
vector entries) be a basis of V| then the change of basis from f to f’ is given by

the following:

f—=f= (Z A13Ti; s Zanixi) = [A, (G.1)

% A

where ay; is a scalar without an array structure. A is an invertible nx n matrix with
entries a;;, each vector x; of f and y; of f’ is a linear combination y; = >, aj;.
Based on the transformation matrix A and a fundamental transformation equation
of basis f/ = fA (f/A™! = f), we can define two different types of vector by

comparing their form with the form of the transformation of the basis.
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G.1 Contra-variant vector

First, the contra - variant vectors are defined as follows: One vector “v”(a col-
umn array with vector entries) in V' is expressed as one linear combination of the
elements of the f basis as v = Y v'[f]x;, where v'[f] are scalars without array
structure in S (e.g. coordinates), known as the components of v in the f basis.
Denote the column vector of components of v by v[f] (the column array with a

scalar entry v'[f]) as follows:

To ensure that the above equation can be expressed as the matrix product of one
row vector and one column vector, start from the equality that a position vector

in any arbitrary coordinate system is identical

folfl = folf]. (G.2)

One obtains v[fA] = A~ [f]. The method for transforming v is opposite to the
method of transforming basis f; thus, v are called “contra-variant vectors”.

For a vector, such as a velocity or direction vector, to be basis-independent, the
component of the vector must contra-vary with the change of basis to compensate.
That is, the components must vary with the inverse transformation to that of the
change of basis. Examples of contra-variance include the position of an object
relative an observer, or any derivative of position with respect to time, such as

velocity and acceleration.

G.2 Covariant vector

Covariant vectors are defined as follows: One linear functional « (row array with
vector entries) on V is uniquely expressed in terms of its components a(x;) (scalar

in S without array structure) in the f basis as a(z;) = a4[f], @(v;) = a;[f’]. These
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components are the result of o acting on the basis vector x; of f basis under change

of basis [/ = fA.

ailf] = aly) =« (Z ajz‘ffz) =Y aza(w) =) auailf].

The last two steps apply the properties of linear functional. Then, rewriting in the
matrix form, we obtain the following: a[fA] = a[f]A. Because the components of
the linear functional o transform with the matrix A, these components are said to
transform covariantly under a change of basis.

For a dual-vector to be basis-independent, it must covary with a change of
basis (i.e. it must be subject to the same transformation as the change of basis).
Thus, these dual-vectors (or co-vectors, as opposed to the vectors) are said to
be covariant. In general, covariant vectors appear when taking the gradient of a
function.

In physics, contra-variant vectors often have units including a distance unit,

whereas covariant vectors often have units including an inverse-distance unit.

G.3 Practical calculations in the Thesis

From the expression above, it can be determined that

alf ulf'] = alfJAAT[f] = o[ flv[f]. (G-3)

This means that the dot product between corresponding coordinate of contra-
variant and covariant vector is identical. Alongside Eq. (G.2), all properties of
non-coordinates can be evaluated. But one needs to ensure that the following

relation does not hold:

falfl # falf]. (G.4)

For example, the common orthogonal basis f, corresponding column vector
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v[f] and linear functional vector a[f] are

f=@g), olfl=@y" ofl= (k. k). (G.5)
In addition, we introduce a new non-orthogonal basis f’,

f/:(‘,ilach)a :ilz

w+7y,

L,

DO | —

In this new basis, the column vector v[f’] and linear functional vector a|f’] are

notified as

U[f/] = ($17$2)T7 a[f/] = (kla kQ) (G?)

From Eq.(G.2) and Eq.(G.3), we can get the following equations,

TxT +YY = 11 + T2,

I’kx + yk’y = .CClkl + ﬂfgkg.

Their solutions are

1 1
T =T+ —F=Y, To2=—T+ —F=Y,
1 \/gy 2 \/gy
1 V3 1 V3
ky = §kx+7ky, ko = —§k‘x—|—7k’y.

As shown in Fig. G.1, one can notice the coordinates of reciprocal superlattice
vectors in non-orthogonal coordinate system are much simplified, all components
of momentum can be expressed by integer times v/3b/2.

Furthermore, Eq. (G.4) suggests that

ki + kyy # k121 + koo,
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Figure G.1: Momentum in orthogonal and non-orthogonal coordinates. (Left) The
first order of reciprocal superlattice vectors (shown in Fig. 3.5) in Cartesian coordinate
system. (Right) The first order of reciprocal superlattice vectors in non-orthogonal
coordinate system.

Therefore, we define two new vectors ¢; and ¢, to fulfill the identity of vector
ky® + kyy = kici + kaco.
This suggests that
co=T+—=Y, Cr=-T+—Y (G.8)
Note that ¢; and ¢, are not unit vector, but they fulfills
Z; - cj = 0;. (G.9)

If one choose gauge for letting vector potential along ¢; or ¢y direction, this

choice can simplify the solution of LLs, so

A= —\/7§BI1C2. (G]_O)

Therefore, in a magnetic field, the momentum changes to

3
P —P+eA=Fkc + ko — 6\/7_B$162, (G.11)
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So the operator 7 transforms into

= (& +1i9) - (k+cA)

3
k:lcl + k’QCQ — G—BZL‘lcQ

_ [(;;;1 — &) (1 + *’3’2)} ' 2

NG
2 V3

= —3 leigkl + ei%(lfg — 7631’1)
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Appendix H

The magnetic translational group

and magnetic Bloch wave function

H.1 The magnetic translational symmetry

We know that an electron in a square lattice crystal in a magnetic field will be
subject to both the periodic lattice potential as well as the magnetic vector po-
tential. For an electron in a hexagonal moiré superlattice in a magnetic field, once
the magnetic field fulfills the relation BS/¢y = p/q, where S is the area of unit
cell and p, q € Z, the translational symmetry of the electron will be recovered but
in a reduced way [82, 107]. To investigate this further, we start from the gauge
invariance of the Hamiltonian. Consider an electron existing in a periodic poten-
tial environment in the absence of a magnetic field B. The Hamiltonian of the

electron obeys translational symmetry as follows:

TxH(r)=H(r+ X) = H(r),

Txp(r) = e*Xp(r),

where X = mya; + maas, and TX are geometrical translations. However, when
a magnetic field is present, its vector potential A(r), depends on the coordinate.

Therefore, the Hamiltonian, H(r), after a translation a is H(r + a), which is
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A

not necessarily the same as H(r). To preserve the translational symmetry of the
Hamiltonian, one can apply gauge invariance so that the vector potential A(r)

and the eigenfunction of a Hamiltonian 1 to fulfill the relation [82]:
A— A+VEr), )

where f(r) is an arbitrary function that depends on the coordinates. To describe
the transformation of the wave function in a magnetic field, one can define a

“magnetic translation operator” Ox = eef TX, where
f(r) = —=B%-r x (miay) = Bmyazs\V/3/2.
This operator generates a magnetic translational group as follows:
Gy = {@X = e"eBml“g”TX, X =mia; + meas},
where Oy is known as the “magnetic translational operator”.
OxOx = ™M™ O v OxOy = ?TammTImIG G
The subgroup of G, is comprised of translations

! A ieBmia Y2zt
v =1Or = 7™M 22T R = miqa, + mogas},

on a (g x g)-enlarged superlattice. In subgroup G, the additional phase factor
induced by commutation of magnetic translational operators automatically van-

ishes:

C'—)R(aR’ = @R—i-R’a @R@R’ = @R’@R7
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This subgroup, G, is isomorphic to the simple group of translations, TR, so that

the eigenstates of O form a plane wave basis,
Ork(r) = e* Fyy(r).

Moreover, all reciprocal lattices shrink by 1/¢, i.e. the momentum space is folded
onto a magnetic BZ (mBZ) with area v/3b?/(2¢%).

Furthermore, because the translation operator @a2 commutes with © R, ONe can
define a new quantum number ¢ € [0, --- , ¢ — 1] to index this ¢-fold degeneracy as

follows:

éqazwk(r> = (éaz)qwk(r) = eik.qmwk("')a

Ou, (1) = ™ ekazyy (7))t € [0,q — 1], (H.1)

Note that the operator é@ does not commute with @al, so that one cannot use

(:)a1 to define another new quantum number.

H.2 Magnetic Bloch wave function

Below, we attempt to build a Bloch wave function based on the LL wave function
Eq. (3.18). The result of applying a magnetic translation operator to the LL wave

function is:

ko+ny Y302 A k’2+n1@§

A k k i k
@n101¢n2 = ¢n : q7 @n2a2¢n2 = eln2(l 21/}71

Moreover, the Bloch wave function |X) needs to satisfy the requirement of group

theory, where X are quantum numbers, which will be determined later,

Ouga, |X) = €F19%| X) | O,40,|X) = *297| X)), 5,1 € Z (H.2)
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The summation of the nth LL wave function all over sites is given by the following;:

A A k +qus
ko zqarkg 2
E 6sqal ®rqa2wn — E ¢

7,8 T,8

To satisfy the requirement, one can multiply the additional phase factor, e~*2d7

and e%" to complement the two equations of Eq. (H.2) respectively. Further-

more, the argument ks + fbpqs can not cover the entire ky axis, because that the
1

magnetic Brillouin zone is &y € \2[—3;’[—5, %], therefore further quantum numbers are

needed. It is intuitively to take v € [0, pg — 1], so

ka+ 3 (gpstv)

E k1gs+k
‘?7, v, k 62( s a@—qsal@—rsagqpn )

However, considering that there is one additional g-fold degeneracy as given by
Eq. (H.1), it is more convenient to set two separate quantum numbers j € [0, p— 1]
and t € [0,q — 1] (with the coprime property between p and ¢ guaranteeing that
there will be no superposition points), so that the final Bloch wave function is

given as follows:

1 ha+ 28 (qj+pt)

n,j § : i(k1gs+kasr)a
t, k> N% @—qsal @—Tsagwn

T8

+343 2 % (pas+ja-+tp)

\/_ Z eihransy, +F , (H.3)

where the sum runs over s = —N/2,--- | N/2. This basis is similar to the set of
Bloch states for a one-dimensional chain with p sites per elementary unit cell, and
multiple atomic orbitals on each site are labelled by the LL index, n. It is easy to
confirm that Eq. (H.3) fulfills the magnetic translational group requirement, and
has the following properties:

é)al ?Ig> = ?ﬁm% éaz : s

{) = ek,
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Appendix 1

The Berry phase

I.1 Origin and definition of Berry phase

Assuming that an eigenstate, |n(R)), of a Hamiltonian H (R), evolves adiabatically
in a circle in a parameter space, R, the state evolves in the circle such that it differs
by a phase factor from the initial state. This phase factor is the so-called Berry
phase I',,, which can be expressed as a path integral in the parameter space as

follows:

Fn:/dR~An(R), (L.1)

where the vector-valued function

An(R) =i (n(R)| 57 [n(R)) , (1.2)

| 0

OR
is called the Berry vector potential. Eq. (I.1) shows that, in addition to the
dynamical phase, the quantum state will acquire an additional phase I',,.

In a two-dimensional parameter space (such as momentum space), one can

derive the Berry curvature 2, (k) from the Berry vector potential, A,,(k) as follows:

(k) = [V X An()]r.- (I.3)
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Berry phase can be expressed as a form of flux,

T, = f{g ds - Q, (k). (1.4)

In this form, the Berry curvature €,,(k) and Berry vector potential A, (k) resemble
a magnetic field B and a magnetic vector potential A. The difference is that real

space changes to parameter space.

1.2 Berry phase and LLs of graphene

To introduce the impact of Berry phase on the vanishing of the “zero point energy”
of LL, following the discussion in reference [92], we consider a normal electron in a
magnetic field, with a vector potential A. The canonical momentum is replaced by
p =k — eA, and the semiclassical model of electrons in a magnetic field suggests
that k = —er x B. Then, coordinate » and momentum p are prescribed by the

Bohr-Sommerfeld quantization rule (to ensure a single valued wave function),

%d'r-p:%r(n—l—%), (L5)

where n is an integer, and the additional fraction 1/2 accounts for the Maslov
Index [187]. Substituting the expression for k into Eq. (I.5) and applying Stokes’

theorem, we obtain the following:
1
= - 1.6
n+ g (L6)

where ¢ = BS = Bnr? is the magnetic flux threading the orbit of electron,
and ¢9 = h/e is the flux quantum. One can translate this from real space into

momentum space with the relation k = —er x B+ constant, which is the integral
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of the acceleration equation of an electron in a magnetic field.

k2 1
— = —. L7
2B "3 (L.7)
Now that the momentum is quantized, accordingly, the energy can also be evalu-
ated. Let us consider the free electron gas,

k? 1

where we = eB/m is the frequency of a cyclotron. Note that the Maslov index is
the origin of the “zero point energy” of two-dimensional electron gas.

The vanishing of zero point energy for the LL of graphene occurs because of the
existence of the m Berry phase. One Bloch electron cycle in graphene will attain

an extra 7 factor, so the Bohr-Sommerfeld rule for graphene is given as follows:

j{dr-p+7rz27r<n—|—%), (1.9)

Obviously, the m Berry phase cancels the effect of the Maslov Index and zero point
energy. Thus, the LL spectrum of graphene features a zeroth LL independent of

the strength of the magnetic field as follows:

E, = vk =vV2neB, n=0,1,2,--- (1.10)

I.3 Berry phase in Bloch bands

An electron in a crystal can be described by the Bloch wave function ,4(7),
where q is the crystal momentum, located in the first Brillouin zone. Following

the discussion in reference [91], we use the transformed eigenstate

Ung(1) = €7 g (), (L11)
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to satisfy the strict periodic boundary condition, t,q(r +a) = u,q(r), where a is a
lattice vector. Following Eq. (I.11), the Bloch state’s Berry phase, Berry curvature

and Berry vector potential are given as follows:

r, - 75 dq-Bny (@) = Vo x An Ay = (ua(@)]iVg un(g)).  (112)

I.4 The calculation of Berry phase for the mag-
netic minibands of the graphene/h-BN het-
erostructure

The Berry phase I',,, Berry vector potential A,, and Berry curvature Q,,(k),
Eq. (I.12), of the third generation of DPs of moiré perturbed graphene, for a
circular contour, are expressed in terms of non-orthogonal momenta k; and ks, at

k,’lzk’Q:Oi

L, = i/o 7219[008(9 + %)(um(k)laklum(kz)} — cos(f — %)(um(k)|8k2um(k))],

A = 10t (K) Oyt () + 1 (i (k)| Oy i (K)),

Q (k) = —2Im[(Or, um (K) | Ok, tum (K))],

where

(k) = e *7 Y ORI (K)|gi)

ik1(qas—a1) g2 P b(ps+i) Ol (2(s,7))

NL(2 — do,) —A T -1 (2(s..))

=D O (k)"

with z(s, j) = \/75/(”—; — (ko + ‘/Tgb(ps + 7)), C™ (k) being the coefficient of the mth
bands, which comes from the eigenvector of the Heisenberg matrix.

One can calculate the distribution of the Berry curvature in the Brillouin zone
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using

Ot (6 O (6) = 7 D :

n1 n2,j,8 n10)(2 - 5“20)

X (G (ks O (K))V/30 g (1 + o2

| 1"2|

. 1n
— G, O (R)A Y381 a1 (v/2[a] + — 2‘ 2([n2| — 1))

|n1n2

1 3 nmn _
G]s Cng] EV)\s(1 v 2 F|n2\,1 1762 ]F|n2| 1,1
+ m,ny —'m ( ) B( + \/g)\/;( [n1| + |n1n2| |nq]—1 )

22/\3 S .y 3 ol MAN2 ng|-1,1
\/— C 17 ( )(ak2cm2]<k))\/7<ﬁ?n?| |n1n2|F|”?|—1 )

12X , 3, S ne nin o
BC”l]*(k)C;:’_LQJ(k))\B\/;( 2| 2|F}nll 11+ 172 2(|n2|—1)]FIn1} 21)

V3 [n1ns|
205 0 i \/§ nel,2 | T2 pina|-1,2
ni,)* ne, k 1 o F 2 ]F 2 )
- RO ORI+ T S )
V) 2
+ 208 o (k) Cm () (1 + Lo

7 \/—)25|n1| ina] (1 + |n1n2|)],

where

2

. , 2\ 3
Gin, = (O CRH7)" = iC 7 (qas — =2 (ka + \/T—b(ps +))),

m,ni \/§
vnilnalng!

Frg— Fng— Fri—

For ny + ny + n3 = even

IE‘”27”3 —

0 For n1+n2+n320dd

In the case of a small gap induced by ug = 1/1000, the Berry phase is approx-
imately . With the increasing of the size of the gap, the Berry phase rapidly
decreases, but still occupies at least half of 7 in the region of the tip of the cone.
This confirms that the LL structure shown in Fig. 3.8 is a manifestation of (gapped)
Dirac Hamiltonian. In the ideal case, where uyg = u; = 0, ug = 0.15, as shown in
the zeroth LL in the bottom panel of Fig. 3.12, the Berry phase of an electron in
a finite magnetic field in a moiré superlattice will be exactly .

For practical numerical calculation of the Berry phase, there are some points
that need to be mentioned. First, the gauge choice for C™J (k) should be continu-

ous in K. Otherwise, in the procedure for the diagonalization of the matrix, the
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eigenfunctions corresponding to degenerate eigenvalues may cause an artificial dis-
continuity in the derivatives of the eigenstates because they appear in the wrong
sequence.

Secondly, because most of the Berry phase is concentrated at the very centre
of the secondary DP, the numerical calculation of derivatives needs to evaluate
the difference in the eigenstates in a very small step. One could appeal to the
numerical method of multi-points interpolation to increase the accuracy in the

vicinity of the secondary DP.
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Appendix J

Electronic transport in

mesoscopic systems

J.1 Landauer-Biittiker (LB) formula

Consider an one-dimensional conductor of length L, there is only one transverse
mode of electron with wave number k£, and the probability density per unit length
is n = 1/L. So the corresponding electronic current (the charge of electron is —e)

Is
[:—Zenvk:—% dE (J.1)
k h ’

where the velocity of the electron v, = dE/(dkh), factor 2 comes from the spin
degeneracy, and relation Y, (---) = (L/2x) [(---)dk used.

Next, let us consider that two conductors are connected, we label them as left
and right side of the interface, and all states in left (right) conductor are filled to
chemical potential uy (ug). Thus, the current flow is due to the electrons with

energies in the range between iy and pg (and linear response holds [117]). The

174



injected current from left side is

. 2e [HE 2e2 g — jir,
I = ——/ dE = = HR—FL (J.2)
hJ, h e

R

If the contact is not reflectless, the electron has a probability to be reflected,
thus we use transmission probability 7" to describe this. Thus, the outgoing current
in the right side and the reflected current in the left side are

2¢® pp — pir 2¢® g — pL
ot == oo = T P21 —T). J.3
e = 2Ot My g 2Ry ) (13)

The total current flow though the interface is

2 s

I=1I})-1" = P

T. (J.4)
This is the origin of Eq. (6.1).
Since the electronic voltage drop across the conductor is V' = (uy, — ugr/(—e),

and the conductance is G = I/V, thus,

2 2
G = %T. (1.5)

This is the Landauer-Biittiker (LB) formula for a single-mode wire at zero tem-
perature.

If there are multiple transverse modes in the conductor, and the temperature
is not zero, then the transmission probability of each channel, will be a function
of transverse momentum(k,), temperature T, Fermi level ep, energy e or other

variables, T'(k,, T, ep,€,---), and the conductance is

2%
G==-T, T= kZT(lfy,’]I‘, €€t ), (J.6)

where T is total transmission probability for all channels.

If there are more than two terminals, then the current flow going out from the
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terminal p is the summation of pure current from all the other terminals:

2e _

Iy = % [TMLML - TLMMM]- (J-7)
M

Here, Try; is the total transmission probability from terminal M to terminal L.

The conductance between two terminals from L to R is

% _
Grr = FeTRL‘ (J.8)

In the calculation of this thesis, the LB formula of multi-terminal and finite

temperature is not referred. Further detailed discussion can be found in [117].

J.2 Important physical properties in transport
problem

In order to use the Landauer formula, it is necessary to calculate the total trans-
mission probability T, and this can be archived by using scattering theory [117].
Basically, total transmission probability Tx;, (suppose here we have only left and
right two terminals) is the summation over all transmission probability between

transverse modes in different terminals, i.e.

TRL = Z ZTnma Tnm = |Snm|2 . (Jg)

meLneR

Here, n and m are indexes of different transverse modes in left and right side,
respectively. T}, is the transmission probability between transverse modes n in
right contact and m in left contact. s,,, is the transmission coefficients between
transverse modes n in right contact and m in left contact, which is also the element

of scattering matrix Sgr, = [Snm]-
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Thus, the Landau conductance and conductivity are

e? L
G = gsgvﬁtr [S}L{LSRL] , 0= WG. (J.10)

Here, g, and g, are degeneracy indices for spin and valley, respectively. L and W is
the length and width of two-dimensional materials. The noise in electronic trans-
port problem can be understood as the interference between different channels, so

it can not be expressed by conductivity, and it is given by
<P::tr[S§LSRL(1——SELSRLﬂ. (J.11)

The Fano factor [134] measures the shot noise!. Fano factor is given by

tr[S;LSRLs;LSﬁL]
tr[S;LSRL}

F=1- (J.12)
The Fano factor of clean graphene (and BLG) is the same as diffusive metal, 1/3
[29]. Both Fano factor and conductivity are important parameters for a material
of a detector.

So the key to solve the problem is generalized into obtaining the scattering

matrix Sgy.

J.3 Scattering matrix

In quantum mechanics, an electron is described by a wave function. Using the
superposition principle, one can solve the scattering problem of an electron incident
on a scatterer [133].

Consider an incident electron wave function, ¥**, and outgoing electron wave

1Shot noise is the noise caused by fluctuation that a detector receives. Once the signal is weak,
amount of incoming particles is few, and the fluctuation matters. We use shot noise to describe
this noise and Fano factor to describe the distribution of related events, which is different from
Poisson distribution, as these events in Poisson distribution are not related to each other. It can
be understood as noise to signal ratio.

177



function, ¥°“* which can be expressed as follows:

Z am zn pout Z b, out (Jlg)

where a,, and b,, are coefficients and 1/ and " are the basis functions consti-

tuting the full orthogonal basis. For a simple incident wave

Y = i, (J.14)

where a4 is constant, the quantum-mechanical transition amplitude from state

to the state 12" is denoted using s,; by

=y (g gt = anlw‘“‘t (J.15)

n

The (first-indexed) outgoing wave is,

TP =) st (J.16)

n

Therefore, for an arbitrary incident wave,

U= angl, Ut = Z Sm 2 (J.17)

pout Z am\IIOUt Z a Z Snmwout Z wout

where a,, is the coefficient of the basis. Thus,

b= Sumtm. (J.18)

m
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If the coefficients b, and a,, are collected into vector columns,

bl aq
b= b, i=1 a |, (J.19)

then the quantities s, can be treated as a matrix:
S = [Spml, (J.20)

which is the so-called scattering matrix. Note that a summation over each line and
each column of the transmission probability matrix 7T,,,, = \snmlz are equal to unity,
because of flux conservation. In other words, the summation of the amplitude
probability of reflected and transmitted wave equals that of incident wave, i.e.
unit. This can be used to check the validity of our numerical calculations.

Depending on the different arrangements of the coefficient columns a and l;,
the scattering matrices can be divided into an s-matrix or a t-matrix. In each
scatterer, if all coefficients (both inwards and outwards) of each side are gathered
into coefficient columns, this scattering matrix is the so-called “t-matrix”. On
the other hand, if the coefficients are classified as inwards and outwards to the
scatterer (irrespective of their sides), the scattering matrix is the so-called “s-
matrix”. The advantage of the t-matrix is that it is analytically friendly and
can easily conjoins successive transmission process, but it is numerically unstable
because of the potential propagation of evanescent modes. In contrast, the use of
the s-matrix is more complicated, but it is generally stable.

As shown in Fig. 6.1, there are four wave functions at the left interface between
the left lead and nano ribbon (the incident wave function is leftward). If the a
comprises the coefficients of 7 and 95 (left side), and b comprises the coefficients
of 5 and 95 (right side), then the constructed matrix [Scy] is the t-matrix. If @

comprises the coefficients of 17 and ¥5 (inward to the surface), and b comprises
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the coefficients of 17 and ¢ (outward from the surface), then the constructed

matrix [Scr] is the s-matrix.

J.4 Mode matching

Because the probability of electron is continuous everywhere, one can match the
outgoing wave function and the incident wave function to solve the scattering
problem of an electron at an interface [133]. .

Commonly, the Schrodinger equation is second-order derivative equation. Be-
cause that the electronic probability is continuous, the wave function and its first-
order derivates are continuous (one can integrate Schrodinger equation to get a
first-order derivative equation). One can get two equations at each interface. For
Dirac equation of graphene, it is first-order derivates equation. We do not nec-
essarily get the continuous condition of first-order derivates. So the number of
equations we get is halved. However, Dirac equation Eq. (2.19) has 2 x 2 matrix
structure, which provides additional boundary condition. Furthermore, The effec-
tive Hamiltonian of BLG in low energy Eq. (2.24) is second order. In principle, we
can apply the continuous condition of first-order derivates. An alternative way of
matching wave function of BLG is to use the 4 x 4 Hamiltonian, Eq. (2.22). We
replace the continuous condition of first-order derivates by continuous condition
of wave function of more sites. In practice, (discontinuous) potential that in the
interface may be important to the wave function of dimer sites, so a first-order
derivates condition may not be the best choice. That is the reason we chose 4 x 4

Hamiltonian and corresponding to wave function in our calculation.

J.5 Evanescent and propagating modes

A fundamental equation of mesoscopic transport problem is “Single-band effec-
tive mass equation”. Its basic idea is to consider necessary band only (normally

conduction band), absorb the lattice potential into the effective mass (by expan-
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sion at the extreme point in BZ), and discretize the continuous band into several
minibands.

Anyway, one can easily extend these ideas into Dirac equation of graphene.
[V(ihV + eA) - oW (r)] = E¥(r). (J.21)

Here, A is vector potential and m is the effective mass of quasi electron. The

solution (with A = 0) can be written in the form

U(r) = o4 ekt eikyy, (J.22)

¢B
By applying the periodic boundary condition on the wave function along transverse

direction, the transverse momentum is given by,

2

ky = ”yW7

(J.23)

where W is the width of the nano-ribbon. The momentum along longitudinal
direction, k,, is continuous. Thus the continuous band is discretized into several

sub-bands,

E?(ky,n,) = v (k;g + niﬁ) : (J.24)
W2

Thus, each wave function referring a discretized k, is a “transverse mode” or a

“channel”.

From this point of view, we can distinguish “evanescent mode” and “propa-
gating modes”. In Eq. (J.24), if E* < v*n247*/W?, then we get k2 < 0, and this
will leads to an imaginary momentum k, = ik,. Correspondingly, longitudinal
plain wave e*s® = ¢=%+% This wave will decay (or explode, depends on the sign
of k,) with the increase of length, so it is called evanescent mode. The existence

of evanescent mode is the reason of numerical instability of t-matrix. The group
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velocity of evanescent mode wave function is zero. Depends on the absolute value
of k., evanescent mode may travel through a certain length before it vanishes, but
it can not penetrate an infinite length system. Oppositely, the plain wave referring

to a real number of £, is “propagating modes” as it will not decay in propagation.
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Appendix K

Methods of accelerating the GF

calculation

K.1 Recursive Method and Gauss elimination

The recursive Green function (GF) method [117, 121] follows from the practical

demand for efficiently inverting a matrix. It relies on the fact that interactions

between atoms are dominated by the nearest neighboring atomic orbitals. It is

possible to build a GF atom by atom though a recursive procedure. If the Hamil-

tonian can be block diagonalized into the following form:

Hll
Var
H=1 o0
0
0

0 0 0
Vas 0 0
Hss 0

Vin—1m

0 me—l Hmm
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then the corresponding GF can be derived recursively to have the following form:

Y e (O G\
Gy’
G = , (K.2)
Gl - G G
( e aim ) (cm)
where elements can be recursively expressed as follows:
G1(1L71)1 - ((E Hmm) - vmm le 1m 1vm 1m> _17
m m—1) m
Ggm) - _Glm 1 Vm 1mG£nm7
m m m—1
ngl) = _Ggrm)lvmm le 11)7
Gy = G+ G VGl Vi Gy (K.3)

Here, the impact from the m — 1th slice to the mth slice can be calculated using
the GF ng jlm 1, where the superscript denotes the (m — 1) recursive step, and
the subscript indicates the block of the m — 1th line and m — 1th column. All
expressions start from the first-order GF, Gﬁ) = (E — Hy;)~'. At the mth step,
the first evaluated block is G%nn)l, which requires the Hamiltonian of the slice m
(E — H,m), the two corresponding neighboring interaction matrices (Vi,,, Vi)
and the block GF' of the m — 1th slice of the m — 1 slices system (Gg;n_]}%_l). Once
the G is obtained, the other block is achievable.

From the perspective of practical application, the most essential block is Ggy,,
in particular, the foﬁ). Less important blocks are Gi1, G, and G,,,. One
can use them to check correctness via the unitary relation of the transmission
probability matrix and the transmission function. The next most useful blocks are
the diagonal matrices, which will be needed in the calculation of density of states.
The rest of the block matrices are useless, calculating them all will drastically slow

the calculation. We should necessarily store the very end slice, G for G%nm,

mlml
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and the other three corner blocks Gg"ni 11 , Gﬁ;n 111 , and GgT_l) (or even only the

left-lower corner if one only need Sgr). If one wants the density of states, the
diagonal block should be stored, too.

The physical meaning of recursive GF method is intuitive. For our current
sliced system, each Hamiltonian matrix block represents the dynamical property
of each slice in real space. We know that the G (r,r’) represent the response
at r to the source at . For our current sliced situation, ng”) represents the

response at b to source at a. From this perspective, let us reconsider the expression:

G(”i) = — G Vi 1Gm 11 The first one, G

m which represents the response of

ml ,
the right lead to the excitation in the left lead, consists of Gm 11 s Vinm—1 and Gmm7
they represent the excitation generated at the 1st slice; this excitation spreads to
the entire conductor until the m — 1th slice and generates a response at the m —1th
(G;T_‘fl)); then, the excitation affects the next slice mth via the interaction matrix,
Vinm—1. Finally, the mth slice generates a response to the excitation in itself, in
particular, namely Gim. Furthermore, we can transform G%) as follows:

m m m—1
Gt 1) = —G! )me 1Gm 11)

m mm

- G(m me lG(m Y Vm Im— 2G7:Ln 221)

m—1m—1

= ( )mG () vmm 1G <K4)

mlml

Then, the physical meaning is clearer. A source of excitation at the 1st slice, via
V51, it spreads to 2nd slice, then transports on and on, until the very last slice mth,
where we denote the response at mth to the source 1st with G%). The second

expression is as follows:

G((;b”) :G(m 1)+Gam | m 1mG(m <K5)

With the interpretation above, the latter term Gg’;ij) Vm,lmG%ﬁ%me,ngﬂ_}? can

be understood as the excitation from the bth slice spreading to the mth (which

is the new slice) via V,,,_1, then spreading from the new mth slice back to the
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m — 1th slice via V,,,_1,,, so we can reasonably understand it as the reflection due
to a new slice. The first term in the right hand side of Eq. (K.5), GEZ;_I), obviously
represents the response at the bth slice to an excitation at the ath slice without
mth slice, so we can understand G((;bn) as a superposition of the old response in the
1 ~ m — 1 slices and the new response generates from the reflection by the new

mth slice.

K.2 Matrix decimation

Both the recursive GF technique and the to-be-introduced matrix decimation
method originate from the Gauss elimination, which eliminates unnecessary di-
mensions of a matrix for calculating the transport properties. The recursive tech-
nique discussed above only calculates and saves the necessary blocks of GF, so as
to avoid the immense computational effort of inverting a huge matrix.

Matrix decimation directly decimates the unnecessary freedom of a huge matrix
of a Hamiltonian, but its numerical stability is not as good as that of the recursive
technique.

Consider an N x N matrix H = E — H. If the [th dimension needs to be dec-
imated, its influence can be effectively expressed as a modification of all elements

H;; in this matrix:
Hi(jl) = Hij + Hzl(Hm - Hll)ilHlﬁ <K6)

where HZ-(;) is the element of a new decimated matrix H®™ 1 all related elements
will be transformed into an effective form. It is very suitable to treat elements or
blocks with only nearest-slice-interactions. The recursive form of this decimation
expression is as follows:

g _ g Y E Y
i = Hy BT
1
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Because of the fact that decimation is arbitrarily available to any diagonal block
(slice) in the matrix, and it does not need to involve the self-energy from the very
beginning, as in the recursive GF. Thus, we can decimate all of the extra freedom
from the Hamiltonian, i.e. all blocks describing the atomic sites inside the con-
ductor, only leave the blocks describing the atomic sites at the interface. Then,
we can connect the effective decimated Hamiltonian to the lead, then calculate
the GF with the self-energy of the lead. Finally, if the Hamiltonian of a crys-
tal has longitudinal translational symmetry, then the decimation process can be

accelerated.
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Appendix L

Several methods of self energy

calculation

L.1 Analytical treatment of the self energy of a
hexagonal lattice

Because of the contour path integration of the surface GF of graphene, the form of
the eigenfunction is hard to determine; therefore, another method is applied [119].
Consider a periodic lead coupled to a central region, which is described by the

following Hamiltonian and corresponding eigenfunction as follows:

0 0 0 Yre *ag, + Preagu
BY A, Vi 0 0 Y1 + YLaou
Hudan=| 0 VvV, H Vi 0 ¢ , (L)
0 0 Vg Ag B; Urbin + Vrbout
0 0 0 .. . Ve *bi + VRe bou

where Ax is the diagonal block representing each slice of lead, By is the interac-
tion between slices of lead, Vx is the interaction between lead and conductor, H
itself represents the Hamiltonian of conductor, a;, ot and by, o are the coefficients

of wave function, ™" is the longitudinal wave function that provides a phase fac-
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tor for each additional slice, 1 x and @ZX are the transverse wave function. The

corresponding eigenfunction of each slice is in the same line of the vector array. ¢

is the wave function for the conductor, however, it has no particular form because

the situation inside the conductor not necessarily known; therefore, we will use the

surface wave function to express it.

Let us simplify to collect the terms including a;,, dous, bin and by, which can

be expressed using the following:
G = Vo(E — H)'V;\.

We obtain the following form

aOU a”L'ﬂ/
t _ S ,
bout bzn
where the S-matrix is
-1
<—6_iktL - G(Loz) Ur ~GOr
S=-1 +1 0 ' 0 UA\IIA
—G%M}L (_6711%1% — GS{}%) YR
1
G(O) G(O)
= 14U | gt = (Loi (LO’; vaW 4,
Grr Grgr
where gx = —3¥xe™x, and notify:
vy 0 qgr, 0
VA = y gA = 5
0 wg 0 gr
WY 0 Vi
\IJA — . 5 VA = -
0 g Vr

189

(L.3)

(L.4)

(L.5)



Therefore, in the space of lead,

G(O) G(O)
(Lof (LOI; = Vu(E — H)'V] (L.6)
GRL GRR
Then,
~1
S=—1+il, <g;1 —VA(E — H)‘1Vj> o (L.7)

-1
= =14+ iV 940404 + 1V 494V <E — H — Vj;gAVA) VTg\I/U

Finally, the self energy part is given as follows:

2 = VigaVa. (L.8)

L.2 Amplitude transfer matrix method

This section will involve the amplitude transfer matrix (ATM). Based on its fun-
damental idea, we will discuss the accelerated amplitude transfer matrix (AATM)
as our main application. If the reader wants to know more about this numerical
method, we recommend an excellent review [127].

Define the amplitude transfer matrix 7, T which represents the amplitude

of a unit source (G, ) to the right (Gpi1.,) or left (G,—1.,) as follows:

Griim =1.G,,mn for n>m,
Fhm (L.9)

Gpno1m =T1-G,m for n<m,

where G, ., is the matrix block at n, m. Thus, the definition of the GF in the form

of the multiplication of matrix GH = I, where H = E — H, yields the following:
ﬁlGIO + ﬁOGOO —|— ﬁ,lelo == —1, (LlO)
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where ﬁl = f[mml, f[o = }NLW and lf[_l = ﬁn,n—ly SO
GOO - —(ﬁlT_,_—i-go—i—g_lT_)_l. (Lll)

Furthermore, in the case of left and right end surfaces, the T, and T matrices
will vanish. Therefore we obtain the boundary condition as the right surface GF,
G| and the left surface GF, G5 respectively (the superscripts “RS” and “LS”
denote the right surface and the left surface, and are not to be confused with the

“retarded” GF) as follows:

GOROS _- — (.E[lT+ —f- E[o) _1,

GLS = — (ﬁo + FLlT,) -1, (L.12)
if one sets n’ =0 and n # 0,

}NIOGn,O - _ﬁ—lGn—l,O - ﬁlGn—&-l,O

Goo = —H;! (ﬂ_lan_l,o i ﬁlc;m,o) (L.13)

Let us apply the definition of 7'y (7_) in the case of n > 0 (n < 0), so that the

recursive expression can be given as follows:

TJ(:LH) = (1 — VOTJ(:L)> ~ 1o,

T£n+1) = <1 — ,uoTEn)> _11/0, (L14)

where (g = —flo_llff_l and vy = —f[o_lﬁl. The initial input can be given as
TJ(FO) =79 = . Thus, the transfer matrices 7', and 7. can be evaluated for
as many slices as possible to simulate the effect of a semi-infinite lead. After we
obtain the T’y and T_ that fulfills our precise demand, we can substitute them into
(L.12) to obtain the surface GF that we want.

There is one critical point in the general numerical calculation, in particular,
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we know that the entire matrix of the conductor is real, but after many inversions,
the real matrix will diverge. Therefore, we have to add a small imaginary part to
the energy as E + in to avoid the divergence of the inverted matrix. The bigger n

is, the faster convergence but the lower precision will be and vice versa.

L.3 The accelerated amplitude transfer matrix
method

The ATM method is not difficult to understand, and it has a clearly physical
meaning [127]; however it has the downside of low convergent speed. Therefore,
the accelerated amplitude transfer matrix (AATM) is developed, on the basis of
the same concept as ATM. Substituting po 1o into (L.13), one can obtain the

following;:
Gno = 10Gn-1,0 + 1Gni10- (L.15)
Applying (L.9), this becomes
Gno = pol-Gp_20 + 0T Griop. (L.16)

Therefore, G, ¢ is related to G120 now. Now, if we continue this process to relate

the G, to G1i0, one can evaluate the recursive expression as follows:
Ghno = 1iGp_gi o + VoGrioi - (L.17)
where
pi= (1= i v — piavioa) iy,

vi = (1 — pi—1vio1 — pim1vi) _11/,;2_1, (L.18)
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For (L.17), let us take n = 2¢; then we can write each expression for i = 1,2, ...n:

1 =0 Gip=p0Gop + 110Gy,
i=1 Goo=iGop+ 1G4y,
i=2 Gao=p2Goo + 110Gy, (L.19)

i=7 Goo=pjGoo+ oGty

Now, we plug each equation in reverse order, i.e. plug ¢th into ¢ — 1th, in ¢th which
makes the Matrix v; is arbitrarily small, so that we can obtain expressions for Gy o

and Gy as follows:

Gio = T4 Gop,
T+ = Mo + Vo1 + Vo1 U2 + ...+ Vol1...Vi—1 4 + ... (LZO)
If one takes n = —2¢, after a similar process,
G_10=T Gy,
T = vy + Hol1 + Hot1V2 + ...+ Molby---Hi—1V5 + ... (LQ].)

Combining (L.20), (L.21) and (L.18), we can calculate T, and 7" in a more efficient

way.
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L.4 Pre-basis semi-analytical method

Following the discussion in [122, 123], for the given two-terminal setup, in the case

of the preservation of time-reversal symmetry, the entire matrix can be given as,

H 0 0 0
Hy Hy Hy, 0 0
H = 0 H]TML Hy Hyr 0 , (L.22)
0 0 H,, H H

0 0 0 H_,

where H); is the Hamiltonian of the conductor, Hy;r and H,;;, are the interaction
matrices between the conductor and the first slice on the right and left hand side
lead. Hy and H4, are the blocks for the lead and the interaction between other
slices and the lead, respectively. For an orthogonal basis set, the overlap matrix
S has the same structure as H, but in the following discussion, we will remain in
the region of the orthogonal basis, so that all diagonal blocks S in S are I and the
rest are 0.

From the Schrédinger equation, (H — ES)® = 0, in the region of the lead, we
define Ko = Hy — B, Ky = Hy, K_; = H_; and ® = (...,n,/* ¢, ...).

We construct a new 2N x 2N matrix,

~K{'Ky —K{'K,

M = . (L.23)
Iy 0

For its 2N 1 x 2N eigenvectors, the first N-lines of each eigenvectors are simply the

k(E) give the wave vector k(FE)

eigenvectors, ¢, of Hy, and the 2N eigenvalues, e
in the lead for a given E. Therefore, once Ky becomes invertible, this method can
be used. If it is not, an extra decimation step is needed, and then we can perform

the next step. But for now, we will consider K; to be invertible.

Based on the 2N eigenvalues, ¢**(¥) where n € [1,...,2N] and the 2N eigen-
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vectors vy, , we can obtain the velocity of the waves and distinguish their prop-
agation directions, and, based on the complexity of k,, know whether the waves

are evanescent. This can be expressed as follows:
Vg, = i¢y, (Hie™ — H_1e”"")¢y,, (L.24)

where ¢y, are the first NV components of ¢ . Based on whether v < 0 or v > 0,
the 2N wave can be divided into left-going (<) and right-going (>) groups.

The surface GF is given as follows:

N,N
k< P> —_
Gr=1[n— ) dze ™ol gzl IV,

n<,n>

N,N
. . -
Gr=I[In— ) duze™ ol dze ™ol VT,

n<,n>
N N
V=K{[) trze ™ gl =D grze Mgl ). (L.25)
n> n<

Then, one can obtain the self-energy simply from the surface GF.

If K is non-invertible, one needs to apply singular value decomposition to H; to
squeeze the unnecessary dimensions of the matrix. In LAPACK, this command is
“zggsvd”; in Mathematica, it is “SingularValueDecomposition”. If the dimension
of Hy is N, and the dimension of full rank block of Hy is R, then this routine will

be given as follows:

Hicnxns = UcnsnsNicnxr>[0<rx(N—R)> W<R><R>]QT<N><N>; (L.26)

where < X X Y > is the dimension of the matrix. The matrix () is the rotation
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matrix we need, we construct a global rotation matrix as follows:

0 0 0 0
0Q 0 0 0

Q=10 0 Iy 0 0 |- (L.27)
00 0 Q 0
00 0 0

The matrix of the entire Hamiltonian can be rotated into the form as follows:

QH,Q 0 0 0
QTH..Q Q'HyQ Q'Hyw 0 0
Q'HQ = 0  HIL,Q Hy HwmQ 0 - (L.28)
0 0  QH{p Q'HQ Q'HQ
0 0 0  QH.Q

Each block will transform into:

Co(N-R)x(N-R)> B<(-R)xR>
QTHOQ = 9

1
B<R><(N—R)> D<rxr>

Q'H\Q = ( OcNx(N-R)> Hi<nxr> ) ’

0<(N—R)><N>

QTH_,Q = ) . (L.29)
HT
1<RXN>

Because the diagonal block, Cc(nv_Rryx(n—r)>, is only semi-connected to block
Bo(N—ryxr>, but not connected to the block fIKNX Rr>, it is ideal for decima-

tion. Applying the Eq. (K.7), all C' blocks can be decimated, and the smaller
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block will be expressed as follows:

QTHOQ QTHlQ ALC D2<R><R> @<R><R> 7 (L.30)
QTH.Q Q'HoQ Ol pins  Dcrxrs
QTHOQ QTHlQ UpE)r C D2<RxR> T1<RxN>
QTH.Q Q'HoQ Tlonxrs Dicwxns
0 HMRQ Low_ef C 0<N><N> @MR<NXR>
QTH]J(/[R QTHOQ @}L\43<R><N> D2<N><N>
Thus, after decimation of all the blocks C, the entire matrix will become
e 0 0 0 0 0
e A Ty 0 0 0 0
0 70 Dy QHpy 0 0 0
QHQ=| 0 0 H,Q Ky ©Ouzr 0 0 (L.31)
0 0 0 ol,, Dy ©
0 0 0 0 ef A ©
0 0 0 0 0 of

Thus, this is a new matrix of the entire Hamiltonian, for which the hopping matrix
of the lead © is invertible. Using the same technique, the corresponding surface

GF is obtained as G, and Gg in Eq. (L.25), and the self-energy is given as follows:

s, =H 0 <—D1 i GLT1> 1O Hyu

Sk =Our (Gg' — (Do — A)) 710}, p. (L.32)
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