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Abstract

We study novel optical phenomena that emerge from light-matter interaction. The
title of the thesis itself suggests that we want to study the optical properties of two
dimensional carbon based materials. There are various allotropic forms of carbon
found in the universe. Graphene, a newly invented in 2004 by an experimental
group of Prof. Geim, is one of them. Graphene is a two dimensional nano-
structured material showing fascinating physical properties, similar to conventional
semiconductors, near the Dirac points. We want to study the optical properties
of graphene and related materials using theoretical techniques. The key point of
the present work is the theoretical formulation of free-standing graphene-based
systems. This theoretical formulation acts as the background for the subsequent

studies done in substrate-graphene systems.

There are several well-known optical phenomena in quantum optics, Rabi oscil-
lation (RO) is one of them. These oscillations were first predicted in two level
atomic systems by an American scientist Isidor Isaac Rabi. These oscillations
are defined as follows: the interaction between the atom and the electromag-
netic field leads to a periodic exchange of energy between the electromagnetic
field and the two-level system, known as Rabi oscillations. This effect can also
be interpreted as a periodic change between absorption and stimulated emission
of photons. Graphene, a semi-metal, also known as zero-gap semiconductor, is
analogous to the conventional semiconductors in some sense. Therefore, we can
anticipate that graphene-based systems may also exhibit the same phenomenon.
Mishchenko and Ishikawa among others have studied Rabi oscillations in single
flake of graphene using rotating wave approximation (RWA). RWA is valid only
near resonance when the frequency of the external driving field is nearly equal to

the electron-hole pair excitation frequency. The main focus of this thesis is the
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Abstract xvi

anomalous Rabi oscillation that is seen in graphene based system far from con-
ventional resonance. These oscillations have no counterparts either in two-level

atoms or conventional semiconductors.

To discuss the phenomenon of ROs far from resonance, a semiclassical approxima-
tion is used where the electromagnetic field interacts classically with the quantum
nature of the system. This study has been done in case of free-standing mono-
layer graphene. It is shown that free-standing graphene exhibits a new kind of
ROs in off resonance. We call these oscillations as ‘anomalous’” ROs where the
population and polarization oscillate with the frequency of the external field and
the amplitude of these oscillations oscillates with even slower frequency which is
the anomalous Rabi frequency (ARF). These oscillations are obtained using an
approximation which is an alternative to the RWA called the ‘asymptotic’ RWA
(ARWA). The results obtained from this technique are corroborated with a fully
numerical solution of the Bloch equations. Bilayer graphene (BLG) and few-layer
graphene (FLG) can be made by the stacking of single graphene sheets one on
the top of the other. Bilayer graphene and few-layer graphene also exhibit the
phenomenon of anomalous Rabi oscillations far from resonance. These oscillations
in bilayer graphene are associated with the second harmonic in the external driv-
ing frequency whereas in single layer graphene these oscillations are found at the
first harmonic in the external driving frequency. These oscillations are unique to
graphene-based systems. The origin of these oscillations is the ‘pseudo-spin’ degree
of these systems possess. Pseudo-spin lies in the plane of the graphene sheets and
describes the alternation of sublattices in monolayer graphene whereas in bilayer
graphene it shows the transposition of layers. Bilayer graphene show multiple
conventional harmonic resonances: first conventional harmonic resonance occurs
at first harmonic in the external driving frequency whereas second conventional
harmonic resonance occurs at the second harmonic due to the frequency doubling
effect in the external driving frequency while single layer graphene shows only one
conventional harmonic resonance at the single harmonic in the external driving fre-
quency. The experimentally measurable current density in these systems exhibits
threshold behaviour in frequency domain. The exponent at threshold is equal to
the half-integral multiple of the number of layers. The frequency at threshold
is just the anomalous Rabi frequency which is proportional to the square of the
intensity of applied field whereas it varies linearly with intensity in case of single
layer graphene. The current density in these systems shows different power law

decay in time domain.
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The above study is done in case of free-standing graphene based systems. The same
problem is also discussed in more realistic graphene systems (graphene-substrate
systems). These systems change their physical properties very drastically in pres-
ence of substrate. This motivates us to study the same phenomenon in supported
graphene systems. In presence of substrate, graphene-substrate interaction may
takes place which give rise a mass term. This mass term is responsible for the
opening of a gap in the electronic spectrum of graphene-based systems. This
problem is also studied by simply applying the same method described in case of
free-standing graphene-based systems. In presence of substrate-graphene interac-
tion inversion symmetry is broken and system becomes asymmetric. This may be
also caused by an on-site energy difference of the carbon atoms between the two
sublattices in the graphene sheet. In case of bilayer graphene, there are two types
of asymmetries: one is the intra-layer asymmetry and second is the inter-layer
asymmetry. The effect of intra-layer asymmetry on anomalous Rabi oscillations
in monolayer and bilayer graphene is similar. In presence of intra-layer asymme-
try these systems show Rabi-like oscillations even for the applied field strengths
less than the asymmetry parameter (gap parameter). We call these oscillations as
‘offset’ oscillations, and the corresponding frequency may be identified with the
asymmetry parameter. The value of offset frequency depends on the type of the
substrates used. The effect of inter-layer asymmetry on AROs is dramatic. The
ARF goes through a minimum value as a function of applied field. The experimen-
tally measurable current density shows threshold behaviour even for vanishingly
small applied fields. This threshold behaviour is solely attributable to the asymme-
try parameter. In presence of asymmetry parameter the threshold frequency show
a shift towards a larger value equal to the gap parameter. The study so far shows
that anomalous Rabi oscillations are described in perfectly AB-stacked bilayer
graphene. These systems show isotropic band structure. In bilayer graphene, we
can include anisotropy in the band structure with the inclusion of trigonal warp-
ing which leads to the deformation of the Fermi surfaces. This AB-stacking of
graphene sheets is an ideal situation which is very difficult to find in practical life.
There may be a situation where the two layers of bilayer graphene show a small
twist relative to each other. This is called the twisted bilayer graphene also known
as stacking defect. The phenomenon of anomalous Rabi oscillations is studied in
trigonally warped as well as in twisted bilayer graphene. It is shown that all the
external effects are prominent only for the weak applied fields in the study of the

AROs.
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In the preceding studies coherent anomalous Rabi oscillations are described in
graphene-based systems because the relaxation term is not taken into account.
We are also interested to study the relaxation dynamics of carriers in these sys-
tems. The relaxation dynamics may appear in a several ways like- electron-electron
interaction, screening effects and electron-phonon interaction etc. Our main fo-
cus is the study of relaxation dynamics of carriers in these systems by means of
electron-phonon (optical, acoustic and flexural) interaction. This can be done
by calculating the dephasing rate which is the imaginary part of the particle’s
self-energy. We have calculated the self-energy of the system with the help of
Dyson-equation. It is found that AROs in presence of electron-phonon interaction
are not damped near the Dirac point. The electron-phonon interaction plays an

important role in dephasing of AROs only far away from the Dirac point.
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Chapter 1

Introduction

In the introduction part, we give a historical introduction to two dimensional
carbon based materials, mainly graphene and bilayer graphene. We wish to answer
questions such as : How are these two systems different from one another? Why
is bilayer graphene more interesting than single layer graphene? What is the band
structure of these systems and how does it emerge from the tight binding model?
Which peculiar physical properties of these systems can be extracted from their
band structure? At the end of the introduction part, we have also given a survey
of theoretical and experimental literature related to the work presented in this

thesis.

1.1 Historical background

1.1.1 Graphene

Condensed matter physics, as its name suggests, is the study of the physical prop-
erties of the most familiar condensed phases of matter-solid and liquid among the
other known phases of matter. It is the study of physical properties of various
materials by experimental as well as theoretical techniques to understand their

physical behaviour.

Solid state physics is the largest branch of condensed matter physics. It is the
study of rigid phase of matter or solids. The study of solid state physics gives

us an insightful view to know how the large scale properties of solid materials

1
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Chapter 1. Introduction 2

originate from their atomic-scale properties. In this way, the solid-state physics
forms a theoretical basis to understand the materials science. The solid phase
of matter, solid materials, can be formed by the densely packed atoms. These
atoms interact to each other in an intense manner. The interaction among them
forms the basis of new physical properties such as the electrical, mechanical (e.g.
hardness and elasticity), magnetic, thermal and optical properties of solids. The
arrangement of atoms in a material, depending upon the conditions in which it
is prepared, may be regular, irregular or geometric pattern. The study of solid
state physics, as a general theory, is based on the study of crystalline phase of
solid materials because the periodicity of atoms in a crystal. Crystalline materials
often have mechanical, electrical, magnetic or optical properties that have broad

applications in engineering physics.

There are various known solid materials found in the universe. Carbon is one of
them which was recognized as an element of periodic table in 1789 by Antoine
Lavoisier [1, 2]. Carbon is a primary material of life. It is an abundant mate-
rial found in the universe such as in the sun, the earth’s crust, stars and so on.
The recognition of carbon element gives the birth of a new branch in the subject
of chemistry, which is known as ‘Organic Chemistry’. Carbon is found in vari-
ous allotropic forms. The most familiar allotropic forms of carbon are diamond,
graphite and amorphous carbon. These allotropic forms of Carbon show different
physical properties. For example, diamond is highly a transparent crystal to light
and the hardest naturally-occurring known material. It has a very low electrical
conductivity (an insulator). On the other hand graphite is opaque to light and
soft enough to form a streak on paper. It is a very good conductor of electricity.
The significance of carbon element can also be understood with the important
discoveries in the field of material science in the last few decades. For exam-
ple, Fullerene [3], carbon nanotubes [4] and very recently graphene [5]. These
systems are also the allotropes of carbon. Among the well known allotropes of
carbon diamond is a three dimensional material. Each carbon atom of diamond
is sp hybridized, whereas graphite is also a three dimensional material but it is
composed of sp? hybridized carbon atoms. Carbon nanotubes (cylindrical carbon
molecules) are also composed of sp? hybridized carbon atoms but it is one dimen-

sional showing transport of carriers in one dimensional space while the fullerenes

Thttp://www.matter.org.uk/glossary/detail.asp?dbid=108,
http://www.physics.ox.ac.uk /nanotech /research /nanotubes/index.html
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FIGURE 1.1: Allotropes of carbon'. Top left: Diamond, Top right: Graphite,
Bottom left: Nanotube and Bottom right: Fullerene (Cg).

are zero dimensional compact form of carbon atoms. We have listed all the al-
lotropes of carbon are three dimensional while the two dimensional allotrope of
carbon is missing. This is because of the well-known theorem in the solid state
physics called ‘Mermin—Wagner theorem’ [6]. This theorem states that it is im-
possible to find a long range crystalline order in two dimensions because of the
large thermodynamic fluctuations. Even though it was a hypothetical object, the
two dimensional carbon is a theoretical basis to study the allotropes of carbon in
other dimensions. Experimentalists were using various methods to produce a sin-
gle layer of carbon (two dimensional carbon). Making a two dimensional carbon is
not only important because of its significance but also due to its two dimensional
nature. Low dimensional materials are special because restricting the dimensions
of these materials changes their physical properties drastically. These materials
exhibit many exotic properties in comparison to the bulk materials. This may be
due to the localization of carriers in low dimensions, geometry effect and absence
of inter-layer interactions etc. Experimentalists were producing two dimensional
carbon through intercalation compounds. However, this method was successful

to some extent but making a two dimensional carbon seems impossible through

2Photo Courtesy: http://www.independent.co.uk/news,/uk/politics /nobel-
winner-slates- britains-stupid-immigration-reforms-8433324.html7action=gallery,
http://tech.uk.msn.com/news/graphene-research-centre-to-open
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FIGURE 1.2: Nobel prize winners of 2010 in physics®.
Left: Prof. Andre Konstantin Geim. Right: Prof. Konstantin Sergeevich
Novoselov.

FIGURE 1.3: Schematic of graphene: an atom thick monolayer of carbon atoms.

this process. Experimenters successfully produces few-layer of carbon (few lay-
ers of graphite) with the other deposition techniques leaving the production of
one atom thick monolayer of carbon atoms. The aspiration of producing a two
dimensional one atom thick carbon sheet became possible in 2004 by the two re-
searchers at Manchester University- Novoselov and Geim [5]. They were awarded
Nobel prize in 2010 for their novel contribution to the physics. This is the first
known two dimensional carbon allotrope named ‘Graphene’. The nomenclature of
first 2D carbon allotrope of Carbon comes from graphite and suffix-ene suggested
by Hanns-Peter Boehm [7]. The single-layer foil of carbon was first described in
1962 [8]. The structure of bulk graphite was solved [9] by the powder diffraction

method [10] in 1916. The structure of graphite was determined from single-crystal
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diffraction in 1924 by Bernal [11].

The theory of single layer of graphite, known as graphene, was first explored by
Wallace in 1947 [12]. The detailed study of single layer of graphite was the starting
point of understanding the physical properties of bulk graphite. The Landau levels
are responsible for the occurrence of anomalous integer quantum Hall effect [13-15]

at the Dirac point in a magnetic field.

1.1.2 Bilayer graphene

Single layer graphene is a basic building block of understanding the other graphitic
materials in different dimensions. The graphite structure can be found by the
stacking of graphene sheets one on the top of the other. A simplest generalization
of graphite is bilayer (graphite with two layers) [16-19]. It is also known as bilayer
graphene. Bilayer graphene, as its name suggests, is a graphitic material with two
graphene sheets which are arranged in a particular stacking. Single layer graphene
is a zero band gap semiconductor, so it is very difficult to use it in a electronic
devices whereas bilayer graphene shows a tunable band gap. Bilayer graphene can
be made by the stacking of two single graphene sheets one on the top of the other
in a Bernal or Rhombohedral stacking. In Bernal stacking, half the atoms in the
top layer are directly above to half the atoms in the the bottom layer and vice-
versa. This particular arrangement shows very different and interesting physical
properties than the single layer graphene. It shows parabolic energy momentum
dispersion while single graphene sheet shows a linear energy momentum disper-

sion. Bilayer graphene is interesting because a tunable gap can open between the

0 g °

° e
¢ °
9
. o oo,
o ' ’
° °
p ./‘ °

FIGURE 1.4: Schematics of bilayer graphene: Bernal stacking of two single
graphene sheets. Left: lateral veiw. Right: top veiw.
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Chapter 1. Introduction 6

conduction and valence band [20], and also the observed IQHE in bilayer graphene
shows anomalies from those in single layer graphene [21]. Bilayer graphene can
also be found in the twisted configuration, in addition to its Bernal stacked con-
figuration, known as twisted bilayer graphene. In twisted bilayer graphene the
two layers show a relative twist or rotation to each other. The physical property,
electronic and optical, of these systems are strongly depend on stacking order and
orientation. The synthesis of bilayer graphene can be done via chemical vapour
deposition technique. This technique is able to produce a large area of bilayer

graphene that almost exclusively conform to a Bernal stack geometry [22].

Similar to bilayer graphene, the crystal structure of few layer graphene can be
made by the stacking of the graphene sheets one on the top of the other in Bernal
or Rhombohedral stacking. The simplest example of few layer graphene is the
Bernal stacked trilayer graphene [23, 24]. In trilayer gaphene, one type of atoms
in the top most layer are directly above to the second type of atoms in the middle
layer which are directly above to the third type of atoms in the bottom most layer.

All the three layers are coupled by a weak Van der Waals forces.

1.2 Similarities and differences between single

and bilayer graphene

In this section, we outline the similarities and the differences between single and
bilayer graphene. Graphene is made of carbon atoms arranged in a honeycomb
lattice. It can also be made by the interpenetration of two triangular sublattices.
It has two atoms per unit cell, by the repetition of which one can obtain the
whole crystal structure. Bilayer graphene is made of two graphene sheets, so
it has four atoms per unit cell. Repetition of this unit cell leads to the whole
crystal structure of bilayer graphene. These two layers are coupled by a weak
Van der Waals forces acting between them. In single layer graphene the charge
carriers are massless chiral Dirac fermions that follow the pseudo-relativistic Dirac-
Weyl equation whereas the current conduction in bilayer graphene is governed by
massive chiral Dirac fermions. However, the speed of massive quasi-particles in
bilayer graphene is less than the velocity of the massless quasi-particles in single
layer graphene. The massless quasi-particles exhibit linear energy momentum

dispersion near the six corners of the hexagonal Brillouin zone. These points are

(©Indian Institute of Technology Guwahati
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known as the Dirac points. The tip of the valance band and the conduction band
touch at these points. Therefore, single layer graphene is a zero-gap semiconductor
[5]. In case of Bernal stacked bilayer graphene, the massive chiral quasi-particles
possess parabolic energy momentum dispersion near each Dirac points in Brilloin
zone in the momentum space. The valance and conduction bands touch at these
points. At low energy, bilayer graphene is a zero-gap (between valance band
and conduction band) semiconductor but a tunable band gap can be opened by
applying a perpendicular electric field [16, 20]. The massless chiral quasi-particles
in single layer graphene possess Berry phase of 7 [5] whereas massive chiral quasi-
particles in bilayer graphene show a Berry phase of 27 [16]. The Dirac fermions in
both of the graphene systems possess a pseudo-spin degree of freedom similar to
the spin—% elementary particles. The pseudo-spin in single layer graphene describes
the alternation of the sublattices while in case of bilayer graphene the pseudo-spin
shows the transposition of the layers [25]. The pseudo-spin lies in the plane of the
graphene sheets in both the graphene systems.

1.3 Why is bilayer graphene interesting?

Single layer graphene is a zero-gap semiconductor that makes it difficult to use in
electronic applications [5] while bilayer graphene is also a gapless semiconductor
but it supports massive Dirac fermions with a tuneable band gap [16, 20]. The
bilayer graphene is certainly an exciting material, having its own unique properties

just like a single layer graphene, and has its niche electronic applications?.

The electronic properties of bilayer graphene vary on a nanometre scale. Single
layer graphene lacks a band gap. This implies that we cannot use it in elec-
tronic devices because it is impossible to turn ‘on’ and ‘off” the electronic devices
made from it. Thus the lack of band gap in the band structure of graphene
makes it ill-suited for future nano-electronic applications. Bilayer graphene be-
haves more like a semiconductor when immersed in an electric field perpendic-
ular to the plane of the graphene sheet. The band gap in the electronic spec-
trum of bilayer graphene can also form due to the variation of electrical poten-
tial between sheet’s caused by electron-electron interaction among the graphene

sheets. The gap may also be opened by the interaction of graphene sheet with

3http://phys.org/news/2011-08-bilayer-graphene electronics.html.
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the non-conducting (insulating) substrate upon which the graphene sheet is de-
posited. Due to the mutual interaction between the graphene sheet and the
substrate, the electrons and holes pools are formed in the both graphene layers.
These “pools” are deeper on the bot-
tom layer because it is closer and
strongly interacted with substrate.
This difference in charge density be-
tween the layers not only creates the
random pattern of alternating charges

[26] but also spatially varying band

gap. This property of bilayer graphene
gives the signature to use it in the elec-
tronic devices that can be turn on and FiGURE 1.5: Electron and hole puddles in
off just like a semiconductor. Accord- graphene bilayer?.

ing to Joseph Stroscio (NIST) if the

substrate interaction can be reduced far enough, the exotic quantum properties of

bilayer graphene may be used to create a new quantum field effect transistor.

Jarillo-Herrero (MIT) and Taychatanapat at Harvard [27] found that the band gap
is smaller at low temperature (4 K). But this band gap still large enough to switch
the electronic devices on and off. The on/off ratio found in bilayer graphene is
high enough — of the order of a million — at low temperatures. However, the main
problem with bilayer graphene to use as a viable semiconductor in the electronic
devices is to operate at room temperature. So it is important to know what is
going on at low temperature and understanding the mechanism that does not

permit the electronic transport at higher temperature.

Theoretical [16, 20, 28] and experimental [29] studies of bilayer graphene shows
that the on-site asymmetry between the layers leads to a gap between the conduc-
tion and the valence band. Moreover, unlike single layer graphene, the magnitude
of the gap in the spectrum of bilayer graphene can be controlled using experimen-
tal techniques through the use of an external gate [30-36]. A band gap of up to
200 — 250 meV can be opened in the electronic spectrum of bilayer graphene by
the use of an electric field perpendicular to plane of bilayer graphene, this turns
bilayer graphene into a semiconductor [31, 37]. In a recent study of Yu et al

[38] it is reported that in a large area of bilayer graphene, more generally bilayer

4http://www.nist.gov/cnst /graphene-042611.cfm
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graphene nano ribbon, a large transport gap can be opened. In this study it is
also shown that how to improve the on/off ratio with several strategies. Angle-
resolved photoemission spectroscopy (ARPES) [39] shows that the charge carriers
in AA-stacked bilayer graphene exhibit the mixed behaviour of massive and mass-
less Dirac fermions. The electrons behaviour in bilayer graphene in real time using
time- and angle-resolved photoemission spectroscopy (TR-ARPES) is also studied
by Hofmann [40], it is found that the behaviour of excited carriers in graphene
bilayer is consistent with a single-particle band gap. The motion of electrons in
bilayer graphene can be very efficiently understood with TR-ARPES than static
ARPES. This confirms the bilayer graphene behaves like a semiconductor that

opens a possibility to use it in nanoelectronic applications [41].

1.4 Crystal structure

In this section, the crystal structures of single and bilayer graphene in real and
momentum (reciprocal space) space are described and a comparison between these

two is presented as well.

1.4.1 Single layer graphene

Graphene is an arrangement of carbon atoms in a honeycomb pattern. Each
carbon atom has four valance electrons in its outer orbit three of which, one 2s
and two 2p electrons (2p, and 2p, ), are used to form three sigma (o) bonds with
the neighbouring atoms. These o bonds lie in the plane of the graphene sheet with
the bond angle of 120° between two neighbouring o bonds. Therefore, each carbon
atom in graphene honeycomb lattice is sp? hybridized. This gives rise the trigonal
structure of hybridized state. The remaining electron in p, orbital is aligned
perpendicular to the plane of the graphene sheet forming the m bond. The electrons
in 7 orbitals are free to move in the plane of the graphene sheet and responsible for
the electronic and transport properties of graphene. sp? hybridization of carbon
atoms in graphene leads to the trigonal structure. Thus graphene sheet can also
be thought of as made up of two interpenetrating triangular sublattices named
A and B. Therefore each of the carbon atoms in one sublattice of graphene
sheet has three nearest neighbours from the second sublattice and six next-nearest

neighbour from same sublattice, Fig. 1.6. The position of A and B atoms are not

(©Indian Institute of Technology Guwahati
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equivalent because it is not possible to connect them with a lattice vector of the
form R = nid; + nods, where ny and nsy are integers. The lattice unit vectors of
hexagonal lattice in position space can be written as [42]

V3 3 R

1 = = e T+ —( Qc—c Y, a2:§ac—c$_

2 2

| %

e Y (1.1)

where a._. &~ 1.42A is the carbon-carbon bond length and |&@;| = |@2| = v/3ac_e is

the lattice constant. The three nearest-neighbor vectors in real space are given by

-1 1 V3

01= 3 Gee B 57 Goe §, 02 = 5 Goe & = T Qo §, 0y = 0o

while the six second-nearest neighbors are located at

FIGURE 1.6: Left: honeycomb crystal structure of graphene, made out of two

interpenetrating sublattices denoted by ‘A’ and ‘B’. Carbon atoms on two sub-

lattices are marked by ‘green’ and ‘purple’ color. The lattice unit vectors and

nearest-neighbour vectors are denoted by @y, ds and 51, 85 and 53, respectively.

It has two atoms per unit cell. a._. is the carbon-carbon bond length. Right:
direct lattice of honeycomb lattice.

The reciprocal lattice of direct graphene lattice can be constructed as shown in
Fig. 1.7. The reciprocal lattice can also be thought of as the rotation of 90° of

direct graphene lattice. The reciprocal-lattice vectors are given by

- 2T 2 - 2T 2 R

A

3 Ae—c \/§ Qe—¢c 2 3 Qc—c \/§ Qe—c Y
(©Indian Institute of Technology Guwahati
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The reciprocal lattice vectors b, and by can be obtained from the following relation
EI:i . gj =27 52'7]‘

The first Brillouin zone is the smallest volume in the reciprocal space bounded by
the planes bisecting the vectors to the nearest reciprocal lattice points as shown
in Fig. 1.7. The three points in the first Brillouin zone I', K and K are of special
interest because graphene shows interesting physics near these points. I' point is
located at the center of the first Brillouin zone while K and K are at the corners
of the first Brillouin zone where the valance band and conduction band touches
one another. These two points are connected by time-reversal symmetry. The

position of these two points in the momentum space is given by

- 2T 2T = 2T 2
K= T+ y, K = T — 1 1.3
3 Qe—c 3 \/g Ae—c Y 3 Qc—c 3 \/3 Ae_c 1 ( )

k,
ke 4
First Brillouin zone ' ™

FIGURE 1.7: Left: graphene honeycomb lattice in reciprocal lattice space. 51

and 52 are the reciprocal lattice vectors. The points K and K " are called the

Dirac points and Dirac cones are located at these points. These two points

are connected by the time reversal symmetry. I' point denotes the center of

the Brillouin zone. Right: It shows the construction of reciprocal lattice from

direct graphene lattice. Green hexagon shows the first Brillouin zone of graphene
lattice in reciprocal space.
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1.4.2 Bilayer graphene

Monolayer graphene is a building block of other graphitic materials [12]. Graphite
structure can be obtained from the stacking of the graphene sheets one on the top of
the other. The simplest generalization is bilayer graphene. Bilayer graphene can be
thought of as made from two coupled monolayers. These two layers are separated
by 3.35A°, the interplanar distance, and coupled by the weak Van der Waals forces.
Bilayer graphene can be obtained from the stacking of two monolayers of carbon
atoms in a Bernal or Rhombohedral stacking [11]. The crystal lattice structure of
bilayer graphene [16—-18] is given in Fig. 1.8. These two layers are arranged in a
way such that one type of atoms in the lower layer, say B1, are directly below to
an atom on the top layer, say A2. These two atomic sites are referred as ‘dimer’
sites. The atomic orbitals on dimer sites are strongly coupled by an inter-layer
coupling ;. The atomic sites which are not directly above or below to one another
called ‘non-dimer’ sites. The dimer sites in bilayer graphene are responsible for
the formation of high energy bands [43-45] in the electronic spectrum. All four
atomic sites Al, Bl in bottom layer and A2, B2 in top layer are inequivalent.

Bilayer graphene has four atoms per unit cell. The reciprocal lattice of bilayer

9o1m3eT P8I

FIGURE 1.8: Left: schematic honeycomb crystal lattice of bilayer graphene,

side view, containing four sites in the unit cell: Al (black circles) and B1 (green

circles) in the bottom layer, and A2 (green circles) and B2 (purple circles) in the

top layer. Right: Reciprocal lattice of bilayer graphene. It is also a honeycomb

lattice similar to single layer graphene. by and by are primitive reciprocal lattice

vectors. The shaded hexagon is the first Brillouin zone with I' indicating the
center, K, and K_ showing two non-equivalent corners.

graphene is shown in Fig. 1.8 [46]. The reciprocal lattice of bilayer graphene is

(©Indian Institute of Technology Guwahati
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also a hexagonal lattice similar to single layer graphene. Figure 1.9 shows the

FIGURE 1.9: Schematic of the plane view of the honeycomb crystal lattice
of bilayer graphene. @, do are the primitive lattice vectors. Bottom layer is
denoted by solid hexagons while top layer denoted by dashed hexagons. The
shaded rhombus indicates the conventional unit cell. a is the lattice constant.

plane view of the graphene bilayer. The bottom and top layers are denoted by
solid and dashed hexagons, respectively. The dimer sites, B1 — A2, are shown by
green circles whereas non-dimer sites, A1 and B2, are shown by black and purple
circles, respectively. Shaded region shows the conventional (non-primitive) unit
cell and a = |ay| = |az| is the lattice constant, the distance between adjacent unit
cells, a = 2.46A [18, 47]. The lattice constant is different from the carbon-carbon
bond length ae_. = a/v/3 = 1.42A, which is the distance between adjacent carbon

atoms. The primitive lattice vectors @; and d, may be defined as

=
Q
2>
|
=
e
<

i+ (1.4)

“@>
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|
[\ e

[\

a =
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)

The primitive reciprocal lattice vectors b, and by can be calculated from the fol-
lowing relation between primitive direct lattice vectors and primitive reciprocal
lattice vectors.

J »J

where §;; = 0 for ¢ # j and 0;; = 0 for i = j. The primitive reciprocal lattice
vectors are given by
- 2 2m - 2w 2w

bi="" i+ i —

i By = 2T
a \/§ay 2 a

~ (1.5)

P
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As shown in Fig. 1.8, the reciprocal lattice is hexagonal lattice, and the first
Brillouin zone is a hexagonal. Two of the six points, one at each corner, in the
first Brillouin zone are inequivalent denoted by K, and K_, also denoted by K
and K. These two points are connected by time reversal symmetry. The physics
of bilayer graphene is important at these points.These two points are called the
Dirac points where the valance band and conduction band touch one another. The
position vectors of Dirac points, also referred to as valleys, in first Brillouin zone
are
R—2T5 R = -5
3a 3a

In the following section, we discuss the band structures of single and bilayer
graphene. We also show how to apply the tight binding method to calculate

the energy momentum dispersion for both graphene systems.

1.5 Electronic Band structure

According to band theory of solids, the electronic band structure is used to cal-
culate the ranges of energy that are allowed for an electron within solids, these
allowed ranges of energy are called allowed energy bands, and the ranges of energy
which are not allowed for an electron called forbidden energy bands or simply the
band gap. These allowed or forbidden electronic bands can be derived with band
theory by determining the allowed wave functions for an electron in a large peri-
odic lattice. Band theory is widely used to explain the various physical properties,
such as electronic and optical. There are many methods to calculate the electronic
band structure of solids [48-50]. The following sections describe how to calculate

the band structures of single layer and bilayer graphene.

1.5.1 Band structure of graphene

In this section, we calculate the band structure of an electron in a hexagonal lattice
made from the carbon atoms, called graphene. We employ the tight binding ap-
proximation well described in the various text books [48, 49]. This approximation
is based on linear combination of atomic orbitals. In a periodic crystalline struc-
ture each atom has its atomic orbital and corresponding wave function associated

with each atomic site. This wave function is not a true wave function because of

(©Indian Institute of Technology Guwahati
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the overlapping of atomic orbitals with the nearby atomic orbitals. Therefore, the
wave function should be the linear combination of these atomic orbitals on each

atomic site.

The tight binding approximation was first explored by Wallace in 1947 [12] to
calculate the band structure of graphite using a two dimensional model of the
graphitic lattice. The tight binding model of graphene was explored by assuming
that the nearest and next nearest neighbors interaction for the p, orbital which is
normal to the plane of the graphene sheet. The overlap between p, orbital wave
functions centered at different atoms is also neglected. Lately it was explored by
Slonczewski et al by taking the second nearest neighbors or more distant neighbors
[51]. Semenoff [52] calculated the band structure of graphite using two dimensional
hexagonal lattice of more general diatomic system by assuming that sites A and
B are occupied by distinct types of atoms. The calculation of band structure of
graphene using tight binding approximation is also available in literature [42, 53—
58].

Graphene is a two dimensional sheet of carbon atoms arranged in a honeycomb
pattern. The band structure of gaphene is calculated for unbonded p, atomic
orbital using tight binding method. The p, orbital lies normal to the plane of the
graphene sheet that can accommodate two electrons with spin projection +1 [57].
For convenience, only the nearest neighbor hopping is considered as shown in Fig.
1.6. If we denote the orbital on atom ¢ with spin ¢ by (i,0) then the nearest

neighbor tight binding Hamiltonian of graphene can be written as (we use units
such that A =1)

Ho=—tY) (dj(, by + h.c.> (1.6)
(idho

where the subscript in left hand side stands for number of layers, i (j) are the

Z'th (jth

electron with spin o (0 =1,J) on site R (éj) on sublattice A and B, (i, j) repre-

) atomic orbitals on sublattice A and B, a! (b;,) creates (annihilates) an

sents the hopping between nearest neighbors only, ¢ is pseudospin that describes
the alternation of sublattices A and B, t (~ 2.8 ¢V) is the nearest-neighbor hop-
ping energy (hopping between different sublattices). To derive an energy disper-
sion, we need to transform Eq. (1.6) to momentum space using the usual Fourier
transformations, we may write

—ikR) At .7

al = 7 al bi, =

1 Z.—V' 30 (5#' A~
o \/_N Z c ko’ J Z € F ) bE’,ia (17>
k

E/

2=
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where ﬁ? is the reference point within the unit cell. It is a matter of convention
how we choose the pair A and B and the reference point R? For convenience let
us choose atom A as reference point ﬁ? (Fig. 1.6) then B type of atoms will be
the nearest neighbors of A and separated by nearest neighbor vectors 51, 5 and 53
at an angle 120° with each other. Substituting Eq. (1.7) into Eq.(1.6), we obtain

A, = _tz Z (61'12.53- d}%g 13,—570 + h.c.) (1.8)

In Eq. (1.8) sum over j denotes the nearest neighbors of A atom and sum over
o breaks the spin degeneracy in each valley. For present discussion, we are sup-
pressing sum over ¢ and include the spin degeneracy in later results. Then the

Hamiltonian Eq. (1.8), in matrix form, can be written as

. . 0 —tz.eig"g’ ar
o, = ( A ) - j ' 1.9
1 Z ag bk 3 o—iF0; 0 b (1.9)

Therefore, one electron tight binding Hamiltonian of graphene in momentum space

el

can be represented in terms of purely off diagonal 2 x 2 matrix as follows

H, = ( ff(]]z) ff) ) . f(R) = —ti: gikd; (1.10)

=1

Substituting the values of three nearest neighbor lattice vectors 5;, 1=1,2,3, we

can write the explicit form of f (l;) as given below

f(f;) =—1 [e”z"f1 + e“;"f2 + 61%-5}}

14265 Cos (%)I (1.11)

With the help of Eq. (1.11), the eigenvalues of Hamiltonian Eq. (1.10) can be

f(k) = —t etatee

written as

E(k) = £|f (k)]

ot ke iy o
E(k) =+t ,|1+4Cos <3T“> Cos (%) + 4Cos? (%)

(1.12)

Equation (1.12) gives the energy spectrum of electrons in graphene and pictorially
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shown in Fig. 1.10. The plus and minus sign indicates the upper 7* band (con-
duction) and the lower © band (valance band), respectively. It can be seen that
the energy eigenvalue depends on momentum. Let us check whether Eq. (1.12)
vanishes for some value of momentum, it is equivalent to find the zeros of Eq.

(1.12). Equation (1.12) has zeros whenever the following two conditions satisfied

N |+

€T CcC—C 3 k CcC—C

N [—=

3 ke te_c k””;”c*“ =2n+1)m & Cos <—\/g kyg ac’c) =+

where n is an integer. First set of choice takes the y- component of wave vector
away from the first Brillouin zone (FBZ) while second choice (with n = 0) is
satisfied exactly at the corners of FBZ denoted by K and K', these points are
called the Dirac points and the position of these points in FBZ is given by Eq.
(1.3). The conduction band and valence band touch one another at these points,
and are symmetric around E(k) = 0. The fermi level lies exactly at these points.
It follows that for exactly half filled bands the DOS at the Fermi level is exactly
zero. Thus, undoped graphene is a perfect semimetal. We are interested to know
the behavior of energy spectrum and eigenfunctions close to k=K , at the Dirac
point. Expanding Eq. (1.11) near ¢ = 0 for small value of wave vector ¢ such that
7=Fk— K, with || < |K| [12, 42, 57], we end up with

. cORxdc_c 3k c—cC
fz(q) =2 e Heteme 7.V lezak = (Cos (—\/_ ;a )]
k=K

c—c _iga ..
fild) = =t em iR ig, — q,) (1.13)

Extracting an overall factor, —ie~*%=%—c that does not affect the physical results,

then we can write Eq. (1.13) as

fr(@) = hwp(ge + igy) (1.14)

3tac—c

2h
which K, = K, and K, = —K,, we will obtain

where vp = = 10% m/sec. If we expand Eq. (1.11) around K’ point, for

fr(@) = Twp(qe — 1qy) = f2(0) (1.15)
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FIGURE 1.10: Schematic of the electronic band structure of graphene honey-

comb lattice. Left: three dimensional plot of Eq. (1.12) between dimensionless

quantities E(k)/t versus kya.—. and kya.—.. Upper band signifies the 7* band

(conduction band) and lower band the 7 band (valance band). These two bands

touch one another at the several points, these points are the corners of the FBZ.

These points are called the Dirac points. Right: zoom in of the energy bands
close to one of the Dirac point.

Therefore, in the limit of small lattice constant, known as continuum limit, the

Hamiltonian of electrons in graphene near K point in FBZ can be written as

0 gt
Hy = hog ( ST ) = how(6 - ) (1.16)
qz _ZQy O

where ¢ are the usual Pauli matrices. The energy eigenvalues of Hamiltonian Eq.
(1.16) are given by
e(q) = + hvp|q] (1.17)

The Hamiltonian Eq. (1.16) is same as that of an ultra-relativistic (massless)
spin—% particle with the velocity of light replaced by the Fermi velocity vg, which
is equal to 355 where c is the velocity of light. It is clear from Eq. (1.17) that
the eigenvalues of Eq. (1.16) are depends only on the magnitude of ¢, not on its

direction in two dimensional space. The eigenfunctions in the vicinity of K point
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are
1 61’9(1’/2

¢Ij§(9) = E ( g ) , Oz= tan™" (¢z/4y) (1.18)

As we can see from Eq. (1.18) when ¢ rotates once around the Dirac point, the
phase of wli?(q) changes by 7, which is the characteristic of spin—% particles. The
more elaborated discussion on band structure of graphene is taken from references
42, 57).

1.5.2 Band structure of bilayer graphene

Bilayer graphene contains two graphene sheets in Bernal stacking. The inter-
planar distance between two graphene sheets is 3.35 A. These two layers are
coupled by a weak Van der Waals force acting between them [16]. The tight-
binding model of bulk graphite can easily be generalized for the stacking of finite
number of graphene layers, for example bilayer graphene, tri-layer graphene and

SO on.

The tight binding model of bilayer graphene can be constructed in a similar way
as for single layer graphene, discussed in an earlier section. In case of bilayer
graphene, we have two graphene sheets one on the top of the other in a Bernal
stacking. As we now have two layers, we will have four atoms per unit cell and thus
expect four energy bands. In bilayer graphene two types of hopping are possible:
an intra-layer hopping in both graphene sheets which is similar to single layer
graphene and an inter-layer hopping, hopping between atoms in one layer that lies
directly above and below in the other layer. This hopping forms the ‘dimer’ site
which is a high energy state. The tight binding Hamiltonian of graphene bilayer
can be modeled in a similar way as for single layer graphene. The tight binding

Hamiltonian of hopping from Al = B1 in lower layer can be written as

IA{L = —tz (CALL Blj + hC) (119)

(4,9
Equation (1.19) gives the Hamiltonian of hopping from Al = B1 in lower layer.
i(j) are the i (j) atomic sites on sublattice A1 and B1, al,(b;,) creates (anni-

hilates) an electron on site ﬁz(ﬁj) on sublattice A1 and B1, (i, j) represents the

hopping between nearest neighbors only.
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The tight binding Hamiltonian of upper layer, indexed by 2, can be written in a
similar way as the tight binding Hamiltonian of lower layer (layer 1), and it is of
the form
Hy=—ty (a; bo; + h.c.) (1.20)
(i.7)
All the notations are similar as in Eq. (1.19), except layer index. The tight binding
Hamiltonian of inter-layer hopping (hopping between two layers), hopping between

B1 = A2 (dimer site), can be written as

I:I[_L — & Z (dgz l;li + hC) (121)

(2

where 7, is the hopping energy for transitions between sites of vertical stacking.
Therefore, the total Hamiltonian of bilayer graphene can be obtained by adding
Egs. (1.19), (1.20) and (1.21), and can be written as follows

ﬁ2 :[:[L‘F[:[U‘FFIIfL

Hy= Y (ai by + h.c.) _> (a; ba; + h.c.) —nY (a; b + h.c.)
(i.5) (i.5) i

(1.22)
In order to derive the electronic dispersion relation of electrons in bilayer graphene,
we need to transform the Hamiltonian Eq. (1.22) to momentum space using usual
Fourier transform technique, and this can be done in a similar way as described
in sec. 1.5.1. When we define the Fourier transform in the standard way, the last
term in Eq. (1.22) picks up no f— dependence because both operators d;i and by;
operate at the same point in the x — y plane. Then the resulting Hamiltonian of
electrons in bilayer graphene in momentum space can be expressed in the form of

a 4 x 4 matrix as follows,

0 0 0 f(k)
o 0 0 f4k) 0
H, = 0o f® 0 (1.23)
R0 w0

-

where f(k) = -t ;€79 and t is an in-plane (intra-layer) hopping parameter that
has relation with in-plane velocity v as, v = (v/3/2)ta/h. In subsequent discussion
we have taken 7, as in-plane hopping parameter instead ¢. In order to parameterize

tight binding couplings relevant to bilayer graphene, we have adopted the notation
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of the Slonczewski-Weiss-McClure (SWM) model [51, 59, 60] that is often used
to describe bulk graphite. As in single layer graphene, f (E) can be expanded
about the K in the continuum approximation (for small lattice constant) to get
|£(9)| = hvg. Therefore, in the continuum limit, Eq. (1.23) near K point in the

FBZ can be represented as

0 0 0 vl
0 0 0
H, .= or (1.24)
' 0 vm 0 m

vt 0 v 0

where v is the intra-layer hopping velocity in each layer, m = ¢, + ig, and at =

¢» — 1qy. The energy eigenvalues of Eq. (1.24) in terms of f(§) are given by

2:7_% 2 1)« ﬁ 242
By =5 +f@F + (1) - + f(@Pn (1.25)

where |f(q)| = hvg, a = 1 for low-energy bands and « = 2 for high-energy bands
that occur from the hopping between the dimer sites. Equation (1.24) is a 4 x 4

FIGURE 1.11: Bilayer graphene band structure. Left: 3D plot of energy bands

in the vicinity of K valley. ¢ measured from the center of the valley, where the

valance band and conduction band touch one another. Right: 2D plot of energy
Eg versus x-component of wave number ¢.

matrix, so it has four eigenvalues given by Eq. (1.25), and denoted by ES), Ef),
EY and E® in the right part of Fig. 1.11. The main low-energy physics of
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electrons in bilayer graphene occurs near K and K’ points, called Dirac points, in
the FBZ. The band structure of bilayer graphene is now quadratic in ¢ for low-
energies while the band structure is still linear for high-energies, as clearly shown
in Fig. 1.11. We now have four bands as predicted; two valance band and two
conduction band. Of them, high-energy bands E(f) and E(,Q), occur due to dimer
sites, are separated by +7;, respectively, from the Dirac point, and the low-energy
bands EJ(FI) and EY touch one another at Dirac point of the BZ.

Bilayer graphene Hamiltonian Eq. (1.24) is derived by assuming two types of
hopping, an intra-layer hopping (an in-plane hopping in each layer) parameterized
by 7 and a direct inter-layer hopping (hopping between dimer sites) between two
graphene sheets which is parameterized by ;. In whole of the above discussion, we
have ignored a weak direct hopping from lower layer to the upper layer (indicated
by 73), apart from this, an on-site asymmetry in each layer and between the layers
have also not been taken into account. In presence of ~3, the band structure be-
comes anisotropic (directionally dependent) that gives rise to the trigonal warping
of bands. On-site asymmetries have remarkable effect on the electronic spectrum
of bilayer graphene. These asymmetries are responsible for opening a gap in the

electronic spectrum. It becomes clear from the following discussion.

1.5.2.1 Gap opening in bilayer graphene band structure

Bilayer graphene has four atomic sites per unit cell. These sites may be held
at different energies say €a1, €p1, €42 and €ps. Therefore, the Hamiltonian of
bilayer graphene including on-site energy difference between four atomic sites can

be written as

eqa1 O 0 on'
0 €po U 0
H2,I? = (1.26)
0 v €2 M

ot 0 71 €B1

Three independent parameters are required to define the energy difference among
four atomic sites. These independent parameters are A4z, A and U describing the
on-site energy difference between the sublattice sites A and B on each layer (an
intra-layer asymmetry), the energy difference between dimer and non-dimer sites
[61-64] and inter-layer asymmetry between the two layers caused by the application

of external gates or a doping effect [16-18, 20, 28-32, 65-69], respectively. In terms
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of energies of four atomic sites these parameters in a unit cell can be represented

as follows:

[(€a1 + €a2) — (eB1 + €B2)]

Aap = 5
A [(€a1 + €p2) ; (€1 + €42)] (1.27)
U — [(ea1 + €B1) ; (€a2 +€pa)]

The choice of these three asymmetry parameters A,p, A and U is not unique.
The four-component Hamiltonian Eq. (1.26) give the following energy eigenvalues
(taking U = 0, A = 0),

A2 72
E2 — AB 1
@ 4 ¥ 4

\/1+M +(=1)% (1.28)

where, a« = 1 and 2, accounts for the low-energy bands (degenerate bands) and

hvg/yr

F1Gure 1.12: Bilayer graphene band structure when an intra-layer asymmetry

is taken into account. Solid and dashed curves for with and without intra-

layer asymmetry, respectively. For clarity, we choose large value of asymmetry,
Aap = 0.2 eV. Other parameters are vy = 3.0 eV, 73 = 0.35 eV.

for the split bands (high energy bands), respectively. For small wave vector ¢ in
the vicinity of a valley, we may approximate ~2|f(k)|?> = h20%¢2. Equation (1.28)
pictorially shown in Fig. 1.12. It is clear from figure that the role of A 45 is to open

a gap in the electronic spectrum by a trivial shift of the energy. Thereby, lifting

(©Indian Institute of Technology Guwahati
TH-1429 10612106



Chapter 1. Introduction 24

the degeneracy at the Dirac point. The lower (EELI)) and upper (F (1)) sub-band in
the conduction and valance band shifted by an amount (+A4p)/2, respectively.
This gives rise a band gap of A between E(j) and EY. The high-energy bands

Ef) and E(_Q) are almost remains unshifted.

The parameter U describes the inter-layer asymmetry between two layers arising
from external gate or a doping effect. In this case, the four component Hamiltonian

Eq. (1.26) gives the following energy eigenvalues (taking A p =0, A = 0)

, U? A2 20 £ T\|2 o | ol eitviar 2 ,
Eo = +5 T0lf R+ (DN o+l f (RO +U?) (1.29)

where all parameters have the same definition as above. The inter-layer asym-
metry U is responsible for the appearance of a distinctive ‘Mexican hat’ struc-
ture of the degenerate bands in the electronic spectrum, as shown in Fig. 1.13.
The parameter U is tuneable and

strongly depends on the external

applied gate voltage. The numer-
ical value of U is explicitly cal-
culated in bilayer graphene [20,

28]. Unlike intra-layer asymmetry,

here, the high-energy bands show a
remarkable shift in energy at Dirac

point, and the shift is equal to

the asymmetry parameter. The

lower and upper sub-bands in the
)

valance and conduction band, E©
and Ef), shift towards slight lower

and higher value of energy in each FIGURE 1.13: Bilayer graphene band structure

band. This shift is equal to FU/2 when an inter-layer asymmetry is taken into ac-
' " count. Solid and dashed curves for with and

respectively. Inter-layer asymme- ithout inter-layer asymmetry, respectively. For
try is responsible for the ‘Mexi- clarity, we choose large value of asymmetry, U =
) 1 . v1 =0.35 eV and v = 3.0 eV.

can hat’ like structure in the low-

energy bands which is quite differ-
ent in comparison to intra-layer asymmetry in single and bilayer graphene. The
appearance of ‘Mexican hat’ like structure in the low-energy spectrum gives the
true value of the gap, say A, between the conduction and valance band occurs at

finite value of wave vector, ¢ # 0, away from the Dirac point. The value of gap A
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and the corresponding non-zero wave vector ¢, is given below [17],

Uln _ Ul i+ U2

St T\ e

For large value of asymmetry |U| > 71, the gap saturates at A ~ =, although

A— (1.30)

for intermediate value of asymmetry |U| < ~i, it is simply equal to A ~ |U].
Theoretical [16] and experimental [29] studies show that the inter-layer asymmetry
(asymmetry between the layers) is responsible for the gap A between the otherwise
degenerate conduction and valance band. Moreover, unlike monolayer graphene,
here, there is an experimental possibility to control the magnitude of induced gap
in the spectrum of bilayer graphene through the use of an external gate [5, 13, 15,
21, 30]. A more elaborate discussion of controlling the gap in bilayer graphene is

given in the references [17, 28].

A tuneable band gap in the electronic spectrum of bilayer graphene was first
observed with angle-resolved photoemission spectroscopy (ARPES) of epitaxial
bilayer graphene on silicon carbide [29]. The band gap has now been observed in a
number of different experiments including photoemission [29], magneto-transport
[31], infrared spectroscopy [34, 35, 37, 62, 70, 71], scanning tunneling spectroscopy
[72] and transport [27, 32, 73, 74]. The band structure of bilayer graphene discussed
above uses four-component Hamiltonian that includes low as well high energy
states. The physics of bilayer graphene at low-energy is more interesting than the
physics at high-energy. The low-energy physics of massive chiral Dirac fermions
in bilayer graphene is governed by two component Hamiltonian. At low-energy
the band structure of bilayer graphene has only single valance band and single

conduction band.

1.5.2.2 Trigonal warping of bands in bilayer graphene

Similar to the bulk graphite [63, 75, 76] the trigonal warping also occurs in bilayer
graphene. In bilayer graphene the weak direct A1 — B2 coupling 73 responsible
for the trigonal warping which leads to the effective velocity v3 < v. At very
low energies, the effect of trigonal warping is dramatic. It leads to a Lifshitz
transition: the iso-energetic line is broken into four pockets, which can be referred
to as one “central” and three “leg” parts [16, 77-80]. This transition takes place

when e ~ €7, = y1v3/(4v), where v3/v = 0.1 [16]. The low-energy two-component
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Hamiltonian describing effective hopping between the A1 — B2 sites, including the

effect of weak direct coupling parameter -3, can be written as

1 0 (mf)? 0 =
H™W — — — 1.31
W m ( 20 )P e 3

This effective Hamiltonian Eq. (1.31) is applicable within the energy range |E| <

4t and yields the following energy eigenvalue

922 2 2 2\ 2
B} = vig® — U—U3q0033¢ + (ﬂ) (1.32)
N 71

where ¢ = tan™! (Z—y). In presence of parameter 3 the band structure of bilayer

graphene becomes anisotropic, it is directionally dependent. The energy eigenvalue

Eq. (1.32) is pictorially shown in Fig. 1.14. It is clear from figure that the

qy
27‘ ; = A
| L YR
Eq \
y_ O ," /AZm% \ .
1 l & >
_q :‘\ k/ /
/ \\ & //
A .. A \\ //
-10 -05 00 05 10 15 20 ==

hvO/y1

FIGURE 1.14: Left: bilayer graphene band structure in presence of weak direct

inter-layer coupling parameter 3. The energy bands are potted along the line

gy = 0. Dashed and solid curves stand for without and with trigonal warping in

bilayer graphene. Right: Schematic of the Fermi line in the valley K for high

(light shading) and low density (dark shading). This shows the effect of trigonal

warping leads to a Lifshitz transition: the iso-energetic line is broken into four
pockets, one “central” and three “leg” parts.

presence of coupling parameter -3 gives rise a zero non-trivial minimum of energy
for ¢ # 0. At this value of wave vector dispersion-relation is linear similar to
that of monolayer graphene. The trigonal warping breaks the iso-energetic line
into four pockets one central and three leg parts. The central and leg parts have

minimum |E| = |U|/2 at ¢ = 0 and at ¢ = 2mwvz = y,v3/v?, angle ¢y, respectively.

(©Indian Institute of Technology Guwahati

TH-1429 10612106



Chapter 1. Introduction 27

For K valley, ¢g = 0, 2?”, %’T, whereas for K’ valley, ¢g = 7, %, %’r For K valley,

taking ¢, = 0 and ¢ = 0, Eq. (1.32) gives

2

Usd — 5 —

E =4
i(f]) om

(1.33)

Equation (1.33) shows that, at zero energy, the leg pocket of the Fermi surface
develops at ¢ = 2mwv3 where the valance and conduction band overlap and the
overlap is given by 2¢; = 72—15—% ~ 2 meV [55] using v; = 0.4 eV and v3/v = 0.1.
Note that Berry phase 2m [16] is conserved through the Lifshitz transition; the
three leg pockets each have Berry phase m while the central pocket has —mw. A
detailed description of Berry phase and pseudospin in single and bilayer graphene

is given in the next section.

1.6 Pseudo-spin and Berry phase

1.6.1 Single layer graphene

Single layer graphene can be think of as made by the interpenetration of two
triangular sublattices A and B. Consider the Hamiltonian of single layer graphene
in presence of a vector potential /T(t) such that /T(t) is slowly varying and periodic
A(0) = g(tf) — 0. Thus a slowly time varying electric field E(t) = —%ff(t) is
turned on at ¢t = 0 and finally off at ¢ = ;. We want to know how the states
of the Dirac quasi-particles change with time in this case. The energy eigenvalue

equation of the system can be written as
Hy = Ev (1.34)

where H is the Hamiltonian of monolayer graphene and 1 is a two component

0 pp—i
H:vF< b 0’”) (1.35)

Dz + 1Dy

column matrix.

with the energy eigenvalues The eigenvalues and the eigenfunction of Eq. (1.34)

are
E = tog|p| (1.36)
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b0 = ( ” ) 0= ( e ) (1.37)

Another choice of eigenfunction with an additional phase factor e*/2 is

1 o—i0p/2 1 o—9p/2
B0 =5 . | e mO =S5 (1.38)

where |p| is the magnitude of p that makes an angle 6, with the x- axis and +
corresponds to conduction and valance band respectively. Since vector potential
ff(t) is slowly varying, we may claim that at each time ¢, the state ¥ (p,t) is close
to the eigenstate ¢(p,t) of the Hamiltonian H(t) = vpd - (P — gff(t)) with energy

+op|p — —ff(t)] = FE(t). The energy eigenvalue equation near one of the Dirac

Cc

point can be written as,

Since each energy +vp|p— %ff(t)| is non-degenerate, the states representing ¢ (p t)
and ¢(p,t) are the same. This means the wave functions can differ at most by a
phase ¥p(t). This is called the geometric phase, Pancharatnam Berry phase or

simply Berry’s phase. We may write,
(P, 1) = e?r® e=ifs B 55 1)

The phase fot B(t)dt' is called the dynamical phase and is expected to be there.

The new contribution ¥5(t) is the geometric phase. Now,

s L A (P.(t) — iP,(t)
VRIP@EP N\ R - P(Y)

where P(t) = 7 — ¢A(t) and P(t) = \/P,(t)2 + P,(1)%

0

i24(0) = 750 B0 - 200

o(p, 1)
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since ¢'(p,t)p(p,t) = 1, therefore

00 5(1) 0

YYL\Y) - -I- — I —
5 = 0 (B t) 5001
But ¢(f,¢) = ¢(P(t),0). This means,
Mp(t) . i 3 9 .3
Using chain rule,
09 5 (t = . dP(t »
20 _ it (P09 50(P(0),0)

Integrating with respect to time,

P(ty)=p . X
Dp(ty) = i / AP(t) - ('(P(t), 0)¥ 5 o P(2),0))

P(0)=p
Oaty) =i § a7 (6'(5.0)V(7.0)) (1.39)
where, p -
S a y - i é ia
dp=pdp+pdf 0o, V; pdp—l— 40
1 : d ~1d\ 1 e
Ho V(7. 0) — — (i _ Ly LN
F .
= —0
2p
Therefore,

Dat) =i § d5-(0!(7.O)Vp0(70) =i § a6 ==
which is the Berry phase corresponding to the eigenfunctions in Eq. (1.37). If we
calculate ¥(ts) using eigenfunctions in Eq. (1.38), the Berry phase comes out to
be zero. It is convenient to use the wave-function of Eq. (1.38), since the effect
of Berry’s phase is included in the wave-function [81]. This change of phase by 7
under rotation is characteristic of spinors and experimentally verified by Zhang et

al. [15]. In fact, the wave function is a two component spinor.

The eigenfunctions may be characterize by their helicity. In quantum-mechanics

the helicity operator, the projection of the momentum operator along the (pseudo)
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spin direction, is defined as

G- p
1Pl

It is clear from Eq. (1.40) that the states ¢z and 1z are also the eigenfunction

~ 1
h=-= 1.4
: (1.40)

of the helicity operator h because, [H, ﬂ] = 0. This means,

~

Wi = i%d}ﬁ (1.41)

Therefore, electrons and holes have positive and negative helicity, respectively.
Equation (1.41) implies that & has its two eigenvalues either in the direction of
momentum or against it. This property says that the states of the system close to
the Dirac point have well defined chirality or helicity. Helicity is a good quantum
number as long as Hamiltonian, H = wgd - p is valid. The helicity is not a
good quantum number for large energies or in presence of next-nearest neighbor
hopping. The chirality discussed in the context of graphene is not related to the
real spin of the electron in graphene but to the pseudo-spin variable associated
with the two components of the wave function, labeled by sublattice index A and
B. Pseudo-spin is aligned in mutually opposite directions on two sublattices, the

superposition of which lies in the plane of the graphene sheet [25].

1.6.2 Bilayer graphene

Bilayer graphene is composed of two single graphene sheets separated by 3.35 A
and coupled by a weak Van der Waals force acting between them. The low-energy

eigenvalue equation of electrons in graphene bilayer can be written as
Hiyp = Eq (1.42)
where H is 2 x 2 Hamiltonian matrix and 1) is a two component column matrix,

1 0 (ﬂ'T)Q "LﬂAl
(D) ()

After solving Eq. (1.42) with the help of Eq. (1.43), we can write the eigenvalues

given by

and eigenfunctions as follows
Ip”
2m

E=+ (1.44)
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vl = ( o ) )= ( o, ) (1.45)

where 6 is angle of k that makes with the x-axis and =+ stands for conduction
band and valance band, respectively. The electronic wave function amplitudes on
two sublattice sites A1 and B2 can be expressed in terms of pseudo-spin degree
of freedom which is related to these amplitudes. If all the electronic densities
are located on Al or B2 sites, the pseudo-spin part of the wave function could
be viewed as a pseudo-spin ‘up’ (] 1) = (1,0)) or ‘down’ (| ) = (0,1)) states
pointing upward and downward out of the graphene plane, respectively. However,
the electronic density is usually shared equally between the two layers. Thus the
pseudo-spin can be represented as a linear combination of up and down states,
| 1) F €%?]| |), and it lies in the plane of the graphene sheet. The pseuso-spin in
bilayer graphene turns twice as quickly as the direction of momentum [16]. The

Berry phase in bilayer graphene can also be calculated using Eq. (1.39),

' | d 1 dN\ 1 [ e
tr= A _ 27— H — o | —
¢' (P, 0) V(P 0) \/5(6 1)(pdp+9p d9>\/§< -1 )
_ '

Therefore,

. A . . : y
Da(t) =i § d5- (@ FO)Vpo(7.0) =i § dF =6 = 2m
Thus the massive chiral quasi-particles in bilayer graphene shows a Berry phase
of 2m. The 27w Berry phase of electronic wave function in bilayer graphene is same
as that of conventional two dimensional electron gas (DEG) [82]. Thus the Berry
phase in bilayer graphene is not nontrivial and is equivalent to that of a trivial

Berry phase of zero in conventional 2-DEG.

1.7 Methods of synthesis

Graphene is a very special material because it is highly conducting as well as trans-
parent. Graphene sheet has the property of flexibility which can be withstand high
stress. Therefore it can be used to develop the flexible electronic devices, for ex-

ample touch screens [83]. It is very difficult to grow low dimensional systems using
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usual growth mechanism because of the large thermodynamic fluctuations at high
temperature during growth process. This may damage the system and even if
they exist but they cannot be stable. Even though the conventional methods are
not successful in the production of 2D materials, a possibility remains that they
may be produced artificially. Broadly speaking, there are two ways of preparation
of graphene, one is ‘exfoliation method’” and other is ‘growth technique’. In ex-
foliation method the graphene can be detached from an already existing graphite
crystal. This method of preparation of graphene was first used by Novoselov et al.
in 2004 [5, 84]. In growth technique, the graphene sheet can be directly grown on

the surface of substrate.

1.7.1 The “Scotch Tape Method”

This method of micromechanical ex-
foliation uses a adhesive tape to de-
tach graphene layer from the graphite
crystal. The graphene layers are peel-
ing off the graphite with the help
of adhesive tape. In this way the
multi-layer graphene is obtained on
the adhesive tape. After the multi-

ple process of peeling the multi-layer

graphene, it converted to few-layer
graphene flakes”, [FhercR@ggr the tape FIGURE 1.15: Schematic of scotch tape
is attached to the substrate and the method to prepare graphene®.

glue solved, e.g. by acetone, in order

to detach the tape. Finally one last peeling with an unused tape is performed. The
graphene flakes obtained with this process differ considerably in size and thick-
ness. The size of obtained single layer graphene is ranges from nanometers to
several tens of micrometers. Single-layer graphene has a absorption rate of 2%,
nevertheless it is possible to see it under a light microscope on SiO,/Si, due to
interference effects [85]. The Scotch tape method of production of graphene is the
easiest method for research purpose but not for industrial purpose. This method

cannot be used to prepare the large amount of graphene sheet which limits the

use of this method for the industrial purpose. The complexity of this method is

Shttp://www.democraticunderground.com /122820077
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basically low and the quality of the prepared graphene is very high with almost no
defects. Some other exfoliation methods are dispersion of graphite and graphite

oxide exfoliation.

1.7.2 Growth techniques

The growth of graphene can occur in two different ways: either the carbon already
exists in the substrate or it has to be added by chemical vapour deposition (CVD).
Epitaxial growth of graphene can be done by simply heating and cooling down an
SiC crystal [86]. Generally, single- or bi-layer graphene and few-layer graphene
grow on the Si and C face of the crystal [87], respectively. The crystal structure
of Ni(111) is more similar to that of graphene, with a miss match of the lattice
constant at about 1.3% [88]. Thus, the graphene can also be prepared by use of
the nickel diffusion method. In this method, Ni-layer is evaporated onto a SiC
crystal and after heating it the carbon diffused through the Ni layer and forms
a graphene or graphite layer on the surface, depending on the heating rate. The
graphene prepared by this method can easily be detached from the surface than
that produced by simply the growth on a simple SiC crystal without Ni [88].
The quality of graphene samples prepared by this method is not as good as that
of exfoliated graphene that can only be found by growing it on a single crystal.
The size of graphene layer is limited by the size of the crystal used. The large
amount of production of graphene by this method is not as good as by liquid-phase

exfoliation. However, the complexity of this methods is comparatively low.

Among the well-known deposition techniques, the chemical vapour deposition
(CVD) is one of them. In this deposition technique the substrate is exposed
to gaseous compounds. Graphene can be grown by exposing of a Ni film to a gas
mixture of Hy, CHy and Ar at about 1000°C [89] which a process similar to the
Ni diffusion method. These graphene layers can be transferred via polymer sup-
port, which will be attached onto the top of the graphene. After etching the Ni,
the graphene can be stamped onto the required substrate and the polymer sup-
port gets peeled off or etched away. Using this method several layers of graphene
can be stamped onto each other in order to decrease the resistance. Single-layer
graphene can also be grown using copper substrate instead nickel [90]. The optical
and electrical performance of graphene prepared by CVD is very high. However,

the purity of graphene samples produced by this method is not very good which
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is required by research purpose. On the other hand, this method allows us to
produce large graphene samples in size as well as in amount. The complexity of
this method is rather low. The detailed description of this section is directly taken

from Ref. [91] and the references therein.

1.8 Properties of graphene and bilayer graphene

1.8.1 Electronic properties

Single layer graphene is a semi-metal or a zero-gap semiconductor whereas bilayer
graphene is also a zero-gap semiconductor. The band gap in bilayer graphene is
tuneable. The properties that separate these systems from one another and also

from the other condensed matter systems are as follows:

Graphene, one atom thick carbon sheet, exhibits various supreme properties in-
cluding exceptionally high electronic and thermal conductivities, extreme mechan-
ical strength, impermeability to gases and so on. These physical properties among
other make it highly attractive for various potential applications. The charac-
teristics of graphene observed experimentally are very excellent than those found
in any other material. The experiments based on transport measurements re-
veals that graphene exhibits a remarkably high electron mobility in excess of
15,000 em2V ~1s~1 at room temperature [13, 15, 92]. Mayorov with his collabora-
tors [93] reported the value of electron mobility in graphene is 2.5 x 10° ¢m?V ~1s™!
while the theoretically calculated value of mobility is 2 x 10° em?V ~1s™! [94-97].
The electron and hole mobilities in graphene are found nearly the same [98], and
nearly independent of temperature between 10 K and 100 K [13, 94, 99]. This
implies that the dominant scattering mechanism for such a high mobility is de-
fect scattering. The room temperature mobility of carriers in graphene due to
scattering by the acoustic phonon of graphene is found to be 200,000 cm?V ~ts™1
at a carrier density of 10" ¢m™2 [94, 100] which is 10 times greater than cop-
per [101]. However, the mobility of graphene deposited on SiO, substrates at
room temperature is largely affected by the scattering of electrons in graphene
caused by optical phonons of substrates than scattering by its own phonons. Un-
der this condition the value of mobility found to be equal to 40,000 cm?V ~ts~!

[94]. The carriers (electron and hole) in graphene can travel a large distances
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without experiencing any scattering mechanism, even at room temperature [42].
The minimum conductivity exhibited by carriers in graphene is of the order of
4e?/h. The reasons of occurring such a minimum conductivity of graphene are
still unknown. Several proposed theories suggest that the minimum conductiv-
ity should be 4e?/wh. However, most measurements are of the order 4e*/h or
greater [92] and depend on impurity concentration [102]. The mobility of bilayer
sample on h-BN is better than bilayer sample on SiO, [94]. According to Monte
Carlo calculation, the intrinsic mobility of carries in single layer graphene is better
than bilayer graphene [103]. The calculated value of mobility in single and bilayer

graphene is 1 x 10 em?V "1s7! and 1.2 x 10% em?V 157!, respectively.

The well known phenomenon “Hall effect” is observed in conventional semiconduc-
tors placed in a magnetic field. The quantum Hall effect is a quantum mechanical
version of the classical Hall effect. Graphene is most like a conventional semi-
conductor, it also exhibits the phenomenon of Hall effect. It has been observed
that the high mobility graphene samples exhibit an unusual sequence of quantum
Hall (QH) effects [13, 15]. Graphene shows the ‘anomalous’ quantum Hall effect
in terms of quantization of conductivity. It is anomalous in the sense that the
sequence of steps is shifted by 1/2 with respect to the standard observed sequence
with an additional factor of 4 accounts for the double valley and double spin degen-
eracies. The observed Hall conductivity in graphene is 0., = £4 - (N +1/2) €?/h,
where N is the Landau level (LL) [92]. The spin and valley degeneracy can be
lifted by applying a high magnetic field that splits N = 0 LL into four sublevels,
lifting spin and valley degeneracy. However, in such an experimentally accessible
high magnetic field only the spin degeneracy of N = £1 LL seems to be lifted
[30], the valley degeneracy of N = +1 LL in such a high magnetic field is still
present. This response of graphene sample is a direct consequence of massless
Dirac electrons in graphene. Similar to single layer graphene, the behaviour of
bilayer graphene is also more like a semiconductor. It can be expected that it will
also exhibit the phenomena those observed in single layer graphene. The quantum
Hall effect is also observed in bilayer graphene. The quantized Hall conductiv-
ity of bilayer graphene is 0., = £4- N - ¢*/h which is quite different than single
layer graphene. The observed Hall conductivity in bilayer graphene is similar to a
conventional semiconductor. The pre-factor of 4 arising from the spin and valley
degrees of freedom [12, 16, 21, 43, 63, 104, 105]. The quantum Hall effect in bilayer
graphene shows anomaly those observed in single layer graphene. Unlike single

layer graphene, the first plateau at N = 0 is absent in bilayer graphene. This
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indicates that bilayer graphene behaves more like a metal at the neutrality point
21, 92]. The N = 0 LL can be recovered with the help of chemical doping. In
chemically dopped bilayer graphene the neutrality point shifts to a high value of

gate voltage that creates an asymmetry gap [31].

The prediction of integral quantum Hall plateaus in graphene [13, 15] poses several
questions: Does the fractional quantum Hall effect (FQHE) also occur in graphene,
and, if so, what is its character? Does it resemble the integral quantum Hall effect
(IQHE) in graphene? The FQHE is experimentally observed by Bolotin et al. in
an ultra clean suspended single layer graphene [106]. A multi-component FQHE
is also observed in graphene [107]. In presence of mixing of LLs the FQHE in
monolayer graphene shows different results for N = 1 compared to N = 0 LL.
Mixing of LLs break the particle-hole symmetry [108]. In presence of magnetic
field the physics of LLs in suspended bilayer graphene even more interesting than
single layer graphene. Suspended bilayer gaphene exhibits an even denominator
FQHE at v = —1/2 on the hole side [109]. Kou et al. studied the IQHE and
FQHE in electron-hole symmetry broken bilayer graphene [110]. The tuneable
and unusual FQH states can be produced by the unique choice of spin, valley,
and orbital degeneracies in bilayer graphene. Quantum anomalous Hall effect
(QAHE) is also predicted in single and bilayer graphene in presence of exchange
field and Rashba spin orbit interaction [111-113]. Single layer graphene also show
a quantum spin Hall effect (QSHE) at sufficiently low energy in presence of spin-
orbit (SO) interaction [114]. Recently, the QSH effect in supported and suspended
graphene samples is also studied [115-117]. A detailed study of QSH effect in AB-
and AA-stacked bilayer graphene is given in the refs.[118-120]

1.8.2 Optical properties

The nonlinear optics is the study of light-matter interaction in presence of strong
electromagnetic field. The nonlinear optics of graphene is an active research field
from theoretical as well as experimental point of view. The unique optical proper-
ties of graphene produces a high opacity for one atom thick layer. Graphene is a
good absorber of red light, it absorbs almost ma ~ 2.3% part of red light falling on
it, where « is the fine-structure constant [121]. In presence of magnetic field the
optical responses of large area graphene (graphene nanoribbon) are tuneable [122].

The linear and ultrafast optical properties of graphene and graphene oxide systems
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are tuneable because these system show electrochromic behaviour [123-127]. For
the threshold value of input optical intensity such a unique absorbtion exhibits
a saturation behaviour. This nonlinear optical behavior of graphene is known as
saturable absorption and the threshold value, at which the absorbtion approaches
to saturation, called the saturation fluence. Saturable absorption in graphene
could occur at the Microwave and Terahertz band, owing to its wideband optical
absorption property. The property of saturable absorbtion in graphene opens the
possibilities of graphene to use it in various nanophotonic devices as described in
the literature [128]. In presence of more intense laser light field graphene possess
a nonlinear phase shift caused by the optical nonlinear Kerr effect exhibited by
the system. The nonlinear Kerr coefficient of graphene is very large compared to
bulk dielectrics. It is of the order of 10~7"em?W ! which is very large in magnitude
than that of bulk dielectrics [129]. This suggests that graphene may be used as a

powerful nonlinear Kerr medium.

The theoretical background of graphene was available from almost mid of 20
century. However, only after its experimental realization graphene based systems
becomes very active for experimentalists as well as for theoreticians. Nowadays,
researchers are trying to replace the conventional semiconductor by the graphene
in the electronic devices and trying to develop graphene-based nanoelectronic,
nanophotonic and optoelectronic devices operating at room temperature. The
study of the optical properties of graphene based systems is an active field of re-
search interest. There has been increasing interest in graphene-based materials for
photonic applications, as well as the realization of graphene’s potential in the tera-
hertz to far infrared regime. The optical properties of graphene-based systems are
seems to be more significant, interesting and more versatile than perhaps previ-
ously believed. Among the several well-known most important optical properties
of graphene optical conductivity is one of them. A detailed calculated general
expression of optical conductivity of graphene is given by Gusynin et al. [130].
The theoretical calculation of universal ac optical conductivity [131] and the sum
rules for optical and Hall conductivities [132] are also well studied along with the
electro- and magneto-optical response of graphene [133-136]. The conductivity of
graphene has been extensively studied theoretically [137-141] and largely verified
experimentally [121, 142-144]. Similarly, the optical conductivity of AB-stacked
bilayer graphene is also studied theoretically [64, 145-147] and verified experimen-
tally [34, 61, 62]. There are a number of studies which deals the substrate effects

on graphene, its visible criteria, contrast analysis etc [148, 149]. Apart from the
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above mentioned optical properties, other optical properties involved the study of
optical Stark effect, four wave mixing, photon echo and the phenomenon of Rabi
oscillation. These properties are widely described in various text books available
in literature [150-152]. The phenomenon of Rabi oscillations is one of the well-
known optical phenomena in quantum optics [153, 154] and also in conventional
semiconductors [152]. These oscillations were first predicted in a two-level atomic

systems.

Experimental study of optical properties of graphene systems is based on opti-
cal spectroscopy. Single layer of graphite, graphene, was first identified with the
reflection spectroscopy of graphene on SiOy substrate by the interference effects
[5, 155]. Among the several experimental tools to study the optical properties
of graphene systems Raman Spectroscopy is one of them. Raman spectroscopy
is helpful to count the number of layers present in sample [156-161]. Raman
spectroscopy is also used to determine the effective doping [162]. Pump-probe
spectroscopy [163-169] is used to detect the coherent and incoherent optical phe-
nomena like Rabi oscillations [150-152], four-wave mixing [150], optical dephasing
[152] and relaxation dynamics of excited carriers. In pump-probe spectroscopy,
two successive laser pulses are used with a variable time delay. One of them is
used to prepare the system in excited state called the pump pulse other pulse of
low intensity monitors the system known as probe pulse. The intensity of pump

pulse is greater than the probe pulse.

1.9 Applications of graphene

So far, graphene is not used in commercial applications [170], many have been
proposed and/or are under development, in areas including electronics, biological
engineering, filtration, lightweight /strong composite materials, photovoltaics and
energy storage [171]. Graphene is produced as a powder and as a dispersion in
a polymer matrix, or adhesive, elastomer, oil and aqueous and non-aqueous solu-
tions. The dispersion is stated by the manufacturer to be suitable for advanced
composites [172], paints and coatings, lubricants, oils and functional fluids, ca-
pacitors and batteries, thermal management applications, display materials and

packaging, inks and 3D-printers’ materials, and barriers and films [173].
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1.10 Motivations

This section describes the motivation and the back ground of my thesis work. Our
main motivation is to study the coherent and incoherent optical properties of single
and bilayer graphene. There are several well-known optical phenomena described
in an earlier discussion. Among the well-known optical phenomena, Rabi oscilla-
tion is one of them. Rabi oscillations were first predicted in a two-level atomic
systems [174] and subsequently in conventional semiconductors [152]. The phe-
nomenon of Rabi oscillation emerges from the interaction of the electromagnetic
field with the matter under consideration. The definition of Rabi oscillation is as
follows: a periodic exchange of energy between the electromagnetic field and the
two-level system is known as Rabi oscillation and the frequency of these oscilla-
tions referred to as Rabi frequency. This effect can also be interpreted as a periodic
change between absorption and stimulated emission of photons. Graphene is also
a semi-metal or a zero gap semiconductor. We can expect that graphene-based
systems will also exhibit the phenomena that are observed in two-level atomic sys-
tems and conventional semiconductors. Therefore, it is worthwhile to study these
phenomena in graphene and graphene-based systems because these systems are
analogous to two-level atomic systems and conventional semiconductors. Our in-
tention is to study the phenomenon of Coherent and incoherent Rabi oscillations in
single and bilayer graphene. Coherent and incoherent Rabi oscillations in graphene
have already been studied by a number of authors available in literature [169, 175-
180]. Nonlinear optics of graphene is a nascent field. Ishikawa [181] studied the
nonlinear optical response of graphene in time domain. His study shows that the
nonlinear optical response is not sufficiently described neither by pure intra-band
nor by pure inter-band dynamics but their interplay has to be taken into account.
Romanets et al. [177] described the mechanisms of coherent nonlinear response
of an intrinsic graphene under ultra-fast inter-band excitation. They showed that
Rabi oscillations, both versus time and versus pumping intensity, can easily be
observed on femtosecond time scales. Ang et al. [182] studied the nonlinear op-
tics of bilayer graphene in the frequency range from the terahertz regime to the
far-infrared regime and concluded that it is useful for developing graphene-based
nonlinear photonics and optoelectronic devices. The optical properties of bilayer

graphene are also described in references [146, 183].

In this thesis work, we will describe the phenomenon of Rabi oscillations (ROs) in
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suspended and supported graphene systems. Mischenko [175] has already been de-
scribed the phenomenon of Rabi oscillation in resonance in single flake of graphene
using rotating wave approximation. Rotating wave approximation is valid when
the frequency of the external field is nearly equal to the electron-hole pair excita-
tion frequency. We are interested in studying the phenomenon of Rabi oscillations
far from resonance in graphene systems when the frequency of the applied field is
very large in comparison to the electron-hole pair excitation frequency. To discuss
the Rabi oscillations far from resonance we use an approximation called asymp-
totic rotating wave approximation (ARWA) which is alternative to rotating wave
approximation (RWA). This approximation is used to describe Rabi oscillations in
suspended single layer graphene [184]. We are interested to use this approximation
in clean bilayer graphene and substrate-graphene systems to describe Rabi oscil-
lations. The results obtained from this technique are corroborated with a fully

numerical solution of the Bloch equations.

The above description shows the study of coherent Rabi oscillations. We are also
interested in studying the phenomenon of carrier relaxation dynamics in clean
suspended single and bilayer samples by determining the behaviour of Rabi oscil-
lations in presence of electron-phonon interaction (optical, acoustic and flexural).
The inclusion of electron-phonon interaction in graphene potentially leads to a
damping of ROs. We have discussed the incoherent ROs by means of optical exci-
tations (carriers excitation under applied electric field). Energetic optically excited
carriers are known as hot carriers. These carriers lose their energy to lattice vibra-
tions known as phonons resulting in what is known as dephasing of these carriers.
In order to observe ROs experimentally, it is important that these oscillations are

not significantly affected by the presence of electron-phonon interaction.
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Chapter 2

Anomalous Rabi oscillations in

Suspended Graphene Systems

This chapter deals with the light-matter interaction in suspended graphene sys-
tems. Light matter interaction in graphene systems leads to novel physical phe-
nomena similar to that of two-level atomic systems and conventional semicon-
ductors. Graphene systems are analogous to two-level atomic systems in some
ways. The difference is that in graphene systems the levels are replaced by bands.
Two-level atomic systems show novel optical phenomena in presence of an electro-
magnetic field. Among known optical phenomena, Rabi oscillations is one of them
which is widely discussed in many text books [150, 151] of quantum optics. These
oscillations in conventional semiconductors are described i. e. in the text book by
Haug and Lindberg [152]. Graphene is a zero-gap semiconductor showing a linear
energy momentum dispersion relation unlike conventional semiconductors. There-
fore, it is worthwhile to study the same phenomenon in case of graphene systems.
Rabi oscillations in graphene have already been discussed in resonance case by a
number of authors using rotating wave approximation (RWA). This approximation
is valid only when the frequency of the external applied field is nearly equal to
the electron-hole pair excitation frequency of the system considered. Mishchenko
[175] studied Rabi oscillations in clean graphene sample using RWA. The novel
work of Mishchenko on ROs in conventional resonance case is the background of
my thesis work. He also studied the damping of Rabi oscillations by including
energy relaxation in a phenomenological way. The same phenomenon has been
studied in our group in undoped single layer graphene in extreme non-resonance

case (far from resonance), also known as off resonance. To discuss Rabi oscillations
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far from resonance an approximation is used called asymptotic rotating wave ap-
proximation (ARWA) [184] which is an alternative to RWA, the results of which is
corroborated with a fully numerical solution of the Bloch equations. RWA is valid
only near resonance when the frequency of the applied field is nearly equal to the
electron-hole pair excitation frequency whereas ARWA is valid when the frequency
of the applied field is very large in comparison to the electron-hole pair excitation
frequency. These oscillations are known as ‘anomalous’ Rabi oscillations (AROs)
since they are absent in two level systems and conventional semiconductors. Sim-
ilar to single layer graphene, bilayer graphene is also a zero-gap semiconductor.
This motivates us to study the same phenomenon in case of bilayer graphene
and to see that what would be the response of bilayer graphene under the same

circumstances as in single layer graphene.

One may ask a question that why we choose bilayer graphene to discuss ROs
while these oscillations have already been predicted in single layer graphene. This
is because of the difference in the band structure which is a very crucial point
that makes the two systems very different from one another. Single layer graphene
shows linear dispersion relation whereas bilayer graphene exhibits parabolic energy

momentum dispersion, while both are zero gap semiconductors.

The study of ROs in bilayer graphene is generalized to include a few graphene
layers (few-layer graphene). The outline of this chapter is as follows: the optical
Bloch equations are derived for population and polarization on two sublattices
in bilayer graphene. These Bloch equations are solved near resonance as well as
far from resonance using conventional RWA and asymptotic RWA, respectively.
Bilayer graphene shows multiple conventional harmonic resonances whereas a sin-
gle anomalous Rabi frequency is found in off resonance. Single layer graphene
on the other hand, possesses a single conventional and anomalous Rabi frequency
(ignoring frequency doubling effects). Subsequently, the experimentally accessible
quantity current density is calculated in both cases. Finally, this idea is generalized
to few-layer graphene. The generalized n-layer expressions for Rabi frequency and
current density are found. These expressions are able to reproduce the results of
Rabi frequencies and current densities for the case of single layer, bilayer graphene

and so on. It can easily be understood with the help of the following discussion.
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2.1 Coherent optical Bloch equations of bilayer

graphene

In this section we derive the coherent optical Bloch equations of bilayer graphene.
The effective low-energy two-component Hamiltonian of bilayer graphene (BLG)
describes the effective hopping between non-dimer sites A1-B2 (red solid arrow)
through dimer sites B1-A2 (green dashed arrow), Fig. 1.8. The hopping between
non-dimer sites A1-B2 includes an inter-layer hopping (v;). This effective low-
energy Hamiltonian of bilayer graphene has been derived by McCann et al. [16]

using Green’s function method.

A 1 0 k2
Hy = —— B (2.1)
2m ki 0

with the energy eigenvalues Fi(k) = :l:%, + corresponds to conduction and
valance band respectively, by = k, £ ik, and m is the effective mass of massive
chiral Dirac fermions, m = g% ~ 0.035 m.. The eigenfunction of Hamiltonian
Eq. (2.1) in K valley can be represented as ¥’ = (a1 ¥p2). A semiclassical
approach is used to describe the phenomenon of ROs where radiation is treated
classically and matter fields are quantum in nature. An in-plane electric field is
applied through a vector potential of the form A(t) = A(0)e™™*, where A(0) =
¢ (Az(0) +14A,(0)) is a complex amplitude of the external applied field. This vector
potential couples to BLG in a transverse gauge, and changes the momentum of
massive Dirac fermions from k to k — E%Y In second quantization, using two
component basis eigenstates of the Hamiltonian Eq. (2.1) in momentum space of
the form ¢T = (cAl(l;, t) cpo(k, t)), the Hamiltonian Eq. (2.1) reads as

H= —% [(k;_ — A )2 (R, 1) cpa(k,t) + hec. (2.2)

i

where ¢ and ¢! are annihilation and creation operators on sublattice sites A1 and

B2 in bottom and top layer respectively and vice-versa.

Now we are going to derive the Bloch equations which are nothing but the rate
equations of polarization and population excess on sublattice site A1 and B2. The
fundamental dynamical quantities are (i) the population difference ng; ff(E, t) in
the number densities of the Al sublattice site in the bottom layer and the B2
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sublattice site in the top layer and (ii) the inter-layer polarization p(/;, t). In terms

of creation and annihilation operators these quantities may be represented as

— —

st 0) = el (F.1) e (F 1)) — {ehalF 1) el 1)
p(];v t) = <CJ.211<E7 t) CBQ(E’ t)>

£
>

(2.3)

With the help of the equations of motion for operators i0;p = [p, H|, and simple
anti-commutator algebra for fermions, the Bloch equations of n4; ¢ f(E ,t) and p(E 1)

reads as (setting h = 1),

iOynairs (R, t) = — [(k;_ — A*(0) €)* p(k, t) - h.c.] (2.4)

1
m

—

o 1 .
iOp(k,t) = - (ky = A(0) ") ngig (K, 1) (2.5)

where ky = k, £ik,, and A(0) = € (A,(0) +iA,(0)). Equations (2.4) and (2.5) are
also called the coherent optical Bloch equations. Therefore, the model presented,
here, is a pure coherent process of uncorrelated fermions. In other words, we are

studying the phenomenon of coherent ROs.

2.2 Solution of Bloch equations

In this section, we discuss the solution of Bloch equations in the regions of in-
terest. We first solve these equations in conventional resonance condition using
rotating wave approximation (RWA), when the external driving frequency (EDF)
w is nearly equal to the inter-band transition frequency 2% of the system. Subse-
quently, these equations are solved in off resonance condition, when the frequency
of the external field is much larger than the inter-band transition frequency of
the system (w > %) To solve the Bloch equations in off resonance we employ
‘asymptotic’ RWA (ARWA), the results of which is corroborated with a fully nu-
merical solution of the Bloch equations. This situation is quite different from the
conventional case where the external driving frequency is close to the particle-hole
creation frequency. The conventional resonant case in single layer graphene is al-
ready discussed in the literature [175, 181]. Here we will give only a qualitative

description of this regime in the case of bilayer graphene.
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2.2.1  Solution of Bloch equations near resonance, rw =

L
22m

This section describes the solution of Bloch equations in the resonance regime when
vw is nearly equal to electron-hole pair excitation frequency. Bilayer graphene
possesses a parabolic dispersion between energy and momentum. Therefore, here,
there are two possible resonances — one is at the first harmonic in EDF, i.e. when
v = 1 and the second resonance occurs due to the frequency doubling effect al-
ready present in the Hamiltonian due to quadratic energy momentum dispersion,
i.e. when v = 2. To solve the Bloch equations in the resonance case, we in-
voke a rotating wave approximation [150, 151, 174] well known in the context
of two-level atomic systems in quantum optics. Mischenko [175] has already been
studied the phenomenon of Rabi oscillations in suspended single layer graphene for
small detuning, A, which is the difference between external driving frequency and
electron-hole pair excitation frequency. His study shows a saturation behaviour
of current density. To solve the Bloch equations of bilayer graphene in resonance
case, we use a change of basis for the time independent part of Hamiltonian. It

can be understood from the following discussion.

The Bloch Egs. (2.4) and (2.5) can be written in the following matrix form (sup-

pressing k in the argument).

na(t) iy na(t) 0 X =i na(t)
izl o0 =] 3= 0 o || p0 |+ &2 0 o p(t)
p*(t) 0 0 )\ re £ 00 p*(t)
0 AR @O na(t)
+ [ =4wr 0 p(t) (2.6)
O o 0 P (1)

where, K; = 2k A(t), K = 2k_A*(t), kx = k, £ ik,. Diagonalizing the un-
perturbed Hamiltonian (time independent part of Hamiltonian) by making the

following substitution

—2k 2k -
nq(t) 2 k; k_; n4(t)
k —k —k ~
@) |=| 7 = = p(t) (2.7)
P (t) 11 1 P (t)
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yields the following set of three equations

2k,

2k:+ !

na(t) = 2% p(e) + 2 5 (1)
o(0) = 1 [alt) ~ 5(0) ~ 5 )]

Inserting Eq. (2.7) into Eq. (2.6) gives

0

Kik2 —K k3

—Kik? K2

Kok? — K7k

2m|k|?
Kik2 +K7 k2

4m|k|2

—Kik2 + K k3

4mk?

0
—k2 (A(1))*+k% (A* (1))

2m|k|?

0 —Kik? —K; k3

k2 (A(t))?—k% (A*(1))?

2m|k|2
0 p(t)
2m|k|?

—k2 (A1) k3 (A* (1))

2mr2
—k2 (A(t))%—k3 (A*(¢))?

4mk2
k2 (A(t))%—k7 (A*(¢))?
4mrk?

2mk2

0

This gives the following set of equations

1—"Nq

2mr2
0
2 (A(t)24k7 (A% ()2
2mK2

dt

d (t) = {—Kt k2 + Kf k3 + k2 (A(1)? — k3 (A*(¢))?

2m|k|?

p®

+ {Kt K2 — K; k2 — K2 (A(1)2 + k2 (A()")?

2m|k|?

oy {Kt k2 — Kp k2 — k2 (A()2 + k2 (A*(1)

Ak

} na(t)

(2.8)

(t)

+®ﬂW+mﬁ+@ﬁfH«WW—ﬁMWW

2m|k|?

- [ K GO R O

Am|k|?

J

h@

2kt — Ky K = K7 K2+ K2 (A + 42 (A°(1)?
+
2m|k|?

Now, let us assume

(1) = e

i|k|2

'P(t)

} P (t)
(2.9)

(2.10)
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Inserting the above assumption, we left with the following set of equations

X [Kt K- Ki k2 — §;|(Ij\l2(t))2 + k3 (A*(t)q D)
. [ K, K+ K k2 — l;;(kf'i(t))? — R (A (t)q p(t)
[ ok (= K S

Writing A(t) = A(0)e~™* A*(t) = A*(0)e™" and applying rotating wave approxi-
mation (RWA), A = vw — %, v = 1,2 for first and second harmonic resonance,
respectively. Therefore, applying RWA to get the first harmonic resonance by tak-
ingr=1A=w-— % With this assumption the above equations reduces to the

following-

d _Kkzpt —iAt K*ki z‘AtP’

— (1) = —— = t

i) = 5o Pt)e omipe L)

d —K*E2 L,

%P(t) = 4m|k|;e“nd(t) (2.11)
d Kk .,

Z%P (t) = Iz € Atpa(t)

To solve the above set of equations, we need to make the further following assump-

tion

P'(kt) = e %/ (k,t), P(k,t) = e®u(k,t) (2.12)
This assumption reduces the above set of equations in the following-

d Kk K* k2,

Zand@) = 2m|k|2 u<t) - 2m|k\2u (t)
d —K* k2
—u(t) — Au(t) = ———7 2.13
d , K* k?
. @ A _ B8R
iU (t) + Au (t) 4m|k|2nd(t)

(©Indian Institute of Technology Guwahati
TH-1429 10612106



Chapter 2. Anomalous Rabi oscillations in Suspended Graphene Systems 50

The set of equations (2.13) may easily be solved by assuming the solution in the

following from, restoring k in the argument,
u(k,t) = A(F)Sin(Qt) + B(k)(1 — Cos(Qt))

u' (k1) = A (K)Sin(Qt) + B (k) (1 — Cos(Qt))

Putting the value of u and «" in Eq. (2.13) and solving for unknown coefficients,

we can get the solution of u and u’ as given below,

ik_A*(0)| A(0)|*n, (K, 0)

u(k,t) = 5t Sin(Qt)
Ak_A*(0)]A(0)[*ns(F, 0)
& S (1 — Cos(2t))
Mﬁﬂ:mwﬁmmwm@mﬁﬂm)

2m2QUJk'+
AA(0)K2 | A(0)2n,(k, 0)
2m2QPwk,

(1 — Cos(t))

After back substitution in Eq. (2.8), we can get the solution of Bloch equations

in resonance case as given below,

, i O(LL .
g Fot) = —am I o (0) — 2k_A(0) Sin(2) oA
A 6(% - ) * iwt —wt ‘
N [2k; A*(0)e™" 4 2k_A(0)e '] [1 — Cos(2t)]
. ik2AY0) L, ik A0) ] . k|2
p(k,t) = — [%T]{S_)e b~ ZIT((Z)e t] Sin () @(% — 1)
KLIA(0)]? | ARTAT(0) 4, AkLA(0) iy |k[*
Bl [ m2Q2 sk C " Tamaz ¢ |7 Cos@] OG T p)
(2.15)
where,
2
O, = /a2 4 MR (2.16)
m

is the generalized conventional Rabi frequency at first harmonic resonance and

A = w— g the detuning (difference between the external driving frequency and

m

the electron-hole pair excitation frequency). If we repeat the similar calculation
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for second harmonic resonance, the Rabi frequency comes out to be equal to

Oy = /A2 + 02, (2.17)

AOF - plike single layer graphene where only single resonance is

2m

where wp =
possible which occurs at the level of first harmonic in the external driving frequency
[184], here, we have seen that there are two possible resonances in case of bilayer
graphene- one is at first harmonic in external driving frequency, i.e. when v =1
and the second resonance occurs due to the frequency doubling effect, i. e. when
v = 2. The frequency doubling effect is directly attributable to the quadratic
dispersion relation of bilayer graphene between energy and momentum. In passing,
we note that we have used complex exponential time varying vector potentials, as
opposed to real sinusoidal ones used by Mishchenko [175]. These two approaches
are equivalent in linear response but when including nonlinear terms as we do
here, they are different. The appeal of Mishchenko’s work is that he treats the
external applied field as a purely physical real quantity. However, our approach
of using time-varying complex exponentials renders calculations involving higher
harmonics (which is the norm in BLG and MLG) quite easy and elegant. This
preceding discussion was about solving the Bloch equations in the resonance case.
In following section, the Bloch equations are solved far from resonance using an
approximation which is an alternative to the rotating wave approximation (RWA)
called asymptotic rotating wave approximation (ARWA) which has been recently
used to discuss the same phenomenon in case of single layer graphene [184]. We
shall also justify that the results obtained from ARWA technique are corroborated
with a fully numerical solution of the Bloch equations. Here, we employ this
approximation to solve the Bloch equations for the case of bilayer graphene which

is quite different than single layer graphene.
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2.2.2 Solution of Bloch equations far from resonance, w >

[E[*
WR, 22m

The Bloch equations are solved in the off resonance regime using ARWA [184].
For that we have to decompose ndiff(lg, t) and p(k,t) (e.g. see Boyd [150]) using

the ansatz,

2 2
naigs(k,t) = ng(k8) + > np(k,t)e ™+ "y (k )™ (2.18)
=1

=1

2 2
p(k,t) = pu(k, t) + Y pre (b )™ 4> " py_(k, t)e’™ (2.19)
=1 =1
+iwt +2iwt

Here we retain terms varying as e and e unlike single layer graphene where
we retain only the first harmonic, the underlying reason being that the AROs are
associated with the second harmonic in case of BLG (at least for the population)
while in SLG it is associated with the first harmonic. In BLG, the single harmonic
may affect the second harmonic since multiplication of two single harmonics may
give rise to the second harmonic. Hence it is necessary to keep both the harmonics
in external frequency when decomposing ndiff(g, t) and p(E, t) into slow and fast
terms. Moreover, if we consider the Bloch equations for the case where k= 0,
it is clear that we have to keep terms at least up to second harmonic in external
frequency when decomposing the population and polarization into slow and fast
terms. Inserting Egs. (2.18) and (2.19) into Bloch Egs. (2.4) and (2.5) and
comparing the coefficients of the same exponential powers from both sides, we can
separate the slow as well as the fast population and polarization equations. The

slowly and rapidly varying polarization equations comes out to be:

z’%ps(/?, t) = —% :kins(lZ, £) + A2(0)ny (K, 1) — 2k, A(0)n%, (K, t)}
i%pu(lg, t) + wpiy (k,t) = —% :kinfl(lg, t) + A2(0)n}y (k. t) — 2k A(0)ny(k, t)}
i%pl—(lga t) — wpr (K, 1) = —% :kin;il(/?, £) — 2k, A(0)ny (K, 1)
i%pﬂ(/;? t) + 2wpay (. t) = —% :kinfg(/?, t) + A2(0)ny (K, t) — 2k4 A(0)n s (K, t)}
2 o (R.) — 20ma (1) = — Ky (F. )
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The slowly and rapidly varying population equations comes out to be:

P (F1) = [ pu(F.0) + AP O)poc (F. 1) — 2k A" Oy <E

ot m
— K3pi(E, t) — A%(0)p3, (k. t) + 2k, A(

Ny 1 ; } B}
(R, t) + wnpi (K, t) = —— [k pu (R, 1) — 26 A" (0)par (K1) — K2pi_(K.1)

(1)

‘ot
— A2(0)pi (K1) + 2k, AR, )]
i%n}l(/g, t) — wnjy (k,t) = —% :kzpl,@, t) + A2(0)p1 (k. 1) — 2k_A"(0)p, (k. 1)
— K21 (R, ) + 2k AO)pi, (F, 1)
2 naR.) + 2onpa(Fot) = - (2o (F.8) — K (R, 1)

— A2(0)pi (R t) + 2k, A(O)pi_(F. )]

) . 1 . .
atnﬂ(k t) — 2wn’y(k, t) = = k2 po(k,t) + A2(0)ps(k, t)

- 2k_A*(0)p1_(l:;, t) — k+p2+(k5, t)]

The above set of equations is derived by neglecting the terms containing harmonics

larger than those present in the Hamiltonian of the system. Now, we want to solve

these set of equations. These equations may easily be solved by assuming that the

external driving frequency (EDF) w is very large compared to all other frequencies

(so we can neglect the terms | ‘ in comparison to w|f|). These simplifications

gives the solution of the fast coefficients of population n fl(k,t) and polarization

pi. (K, t) equations in terms of slow coefficients ny(k,t) and py(k, t).

nplft) = 22Oy = 2220, 1
npaio) = 5 Wy, i =5 Dy

. 1 .
piv(k,t) = %2k+A(O)ns(kvt>
poot) = ——— [ 52O ka0 k)
por(Ft) = = — 4O, (F.)
B0 = o )

(2.21)
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The simplified slow varying part of population and polarization equation comes

out to be, )
oy (F,t) = = 2 pu(R,t) = k2 pi (R 8)] (2.22)
. T o 1 2 g g
0y (F.1) = =5 [k ny(R,0) +a pu(F.)] (2.23)

These equations may be solved by assuming that n,(k,t) = n,(k,0)Cos(20t) and
nS(E, 0) = @ is the equilibrium value of population which can be determined in
mean field approximation, see Appendix A.1. This gives the solution for the slow

part of polarization,

- k 4ms
ps(k,t) = ﬁ |:COS(QQt) +i TZ Sin(QQt)] (2.24)
27 1/2
|k[w
a_ |+ 4 . (w%+4 mR) o (2rek | SlkPwr
[ \2m 4w? N w w

QBLG (= 2Q) is the generalized anomalous Rabi frequency for BLG far from

resonance. The anomalous Rabi frequency exactly at Dirac point can be found by
— 2
setting k£ = 0 in the expression of 2 and comes out to be equal to, Qupr = <&

w
_ JA@P
2m

case is attributed to pseudospin degree of freedom of BLG.

where wg . This anomalous behavior of Rabi frequency in off resonance

We may equally easily write an approximate solution of Bloch Egs. (2.4) and (2.5)
in terms of slow coefficients ps(lg, t) and ns(lz, t) with the help of Eqgs. (2.18) and
(2.19) together with the fast coefficients.

- L OAW) e 2RANO) -
ndiff(k’ t) - nS(k’t) - —;n—w()ps(k7t)e t— T()ps(k,t)e ¢ (2 25)
+ &p*uz t>6—2iwt Y, mp (E t)€2iwt ‘
2muw P o ps(k,
7 - k+A(0) AQ(O) .

slzt —wt SEt iwt
(k. t)e Bps(k, t)e P
k2 A*(0 - :
+ ( )ps(k’,t)GQth

p(k, t) - ps(k7 t) +

Sm2w?
(2.26)
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where ps(g, t) given by Eq. (4.8),

2lk_|?
(6]

b=

(kik_A*(O) |k A0)A7(0) Cos(201)

m2w? 2m2w?

), ns(k,t) =

Equations (2.25) and (2.26) gives the solution of Bloch Egs. (2.4) and (2.5) far from
resonance, when the external driving frequency is very large. In Eq. (2.26), third
and last terms are proportional to 0(%), these terms can be neglected because
we are working with very high intense optical pump field. Therefore, we have seen
that bilayer graphene exhibits a second kind of Rabi oscillations far from resonance
similar to single layer graphene. The difference is that the Rabi frequency has a
different dependence on amplitude of external driving frequency. The frequency
of these oscillations is even slower than the conventional Rabi oscillations. There
is a special situation exactly at the Dirac point, k = 0 where the Bloch equations
may be solved exactly. The Bloch equations exactly at the Dirac point can be
found by setting ¥ = 0 in Egs. (2.4) and (2.5), as given below

iy p(0,1) = _% [(~4°(0) )2 p(@, 1) — h.c]
) ! . J (2.27)
i0,p(0,t) = —5- (—A(0) ™) nair(0, 1)

The above set of equations reduces to the following set of ordinary differential

equations with the substitution p((j, t) = ]3(67 o2

iy (0, 1) = —% (—A*(0)* (0.1) ~ h.c.
0 (0,1) + 2p(0,6) = 5 (~A(0))? naigs(0.1)

The above equations may be solved directly by Mathematica using DSolve routine.

2
0 “R =0 YR (i0
naifs(0,t) =1+ 3 Cos(Qt), p(0,t) = o (e —1) (2.28)

A/ 4m2w2+|A(0)[4
where, Q = Tl()‘ ~

2
oscillates with frequency %R which is the anomalous Rabi frequency exactly at the

Dirac point, where wp = %. Thus, we find that the carriers are oscillating

2
2w+%”h Back substitution gives that the polarization

even more slower frequency than the frequency in the resonance case.

In this way, we may conclude that Rabi oscillations in bilayer graphene show

anomalous behaviour far from resonance and corresponding frequency known as
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FIGURE 2.1: (a) Schematic of the effective Rabi frequency €2 versus band energy
e = vp|k| for single layer graphene. In all three plots there is one anomalous
Rabi frequency (ARF) close to e; = 0. For a single layer, there is one conven-
tional Rabi frequency (CRF) at w = 2e;. (b) Schematic of the effective Rabi
frequency €2 versus band energy ej = % for BLG. In addition to one ARF, two
resonances (CRFs) are possible, one is at single harmonic (w = 2ey) and another
is at second harmonic (2w = 2ey) in external driving frequency. (c¢) Schematic
of the effective Rabi frequency 2 versus band energy e = UO:'—];P for trilayer
graphene. In addition to one ARF, three resonances are possiblle at values of
er, determined by vw = 2ep, v = 1,2,3. The ARF plot near e, = 0, gets flatter
as the number of layers increases. Vertical axes (ordinates) are exaggerated for

clarity. The corresponding formulae are given in Appendix A.2.

anomalous Rabi frequency (2arwa4. In resonance case, bilayer graphene exhibits
multiple harmonic resonances- one is at first harmonic in the external driving fre-
quency. Second is at the second harmonic in the external driving frequency which
is due to the frequency doubling effect. Frequency doubling effect is directly at-
tributable to the quadratic dispersion of bilayer graphene. Thus the resonance
case of bilayer graphene is quite different than the resonance case of single layer

graphene. Bilayer graphene exhibits two harmonic resonances as explained above
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while in single layer graphene there is only one possible reonance [184]. This is
made clearer in Fig. 2.1. Figures 2.1(a), (b) and (c¢) show an interpolation between
RWA and ARWA regime. The resonance conditions are identified by the minimum
observed in €2 versus e diagrams. We are interested only in the minimum of the
diagrams because the amplitudes of the fast oscillations far from the minimum
average out to zero. It is clear from these figures that there is only one minimum
near the origin. This minimum corresponds to the anomalous resonance (far from
conventional resonance) and the corresponding frequency is called anomalous Rabi
frequency. Secondary minima, the minimum other than near the origin, are char-
acterized by conventional resonances. In case of single layer graphene, there is only
one secondary minimum observed that tells there is only one possible resonance
in single layer graphene, Fig. 2.1(a). In case of bilayer graphene, two secondary
minima are observed- one is at first harmonic resonance while second minimum oc-
curs due to the frequency doubling effect in bilayer graphene, Fig. 2.1(b), whereas
trilayer graphene exhibits three secondary minima, Fig. 2.1(c). This means tri-
layer graphene shows three harmonic resonances other than one minimum near
the Dirac point which corresponds to the anomalous resonance. Thus we have
seen that all the graphene based systems show only one anomalous minimum that
means there is only one anomalous resonance possible in all graphene based sys-
tems. As the number of layers increase, the number of secondary minima increases.
The number of secondary minima are directly proportional to the number of layers
presented in the system considered. It means, in bilayer graphene there are two
possible resonances while trilayer graphene possesses three possible conventional
resonances and so on. The number of minima is directly attributable to the band
structure of the system considered. In other words, we can say that the number of
harmonic resonances present in the system can be directly identified with the num-
ber of harmonics appears in the Hamiltonian of the system under consideration.
In the derivation of formulae of Rabi frequencies in conventional and anomalous
resonances, the harmonics higher than that present in the system are ignored. If
we are including the harmonics higher than the harmonics present in the system
that leads to a slight modification in the original results and our approximation

to the realistic results.

(©Indian Institute of Technology Guwahati
TH-1429 10612106



Chapter 2. Anomalous Rabi oscillations in Suspended Graphene Systems 58

2.3 Current density in bilayer graphene

The natural question that arises is how to observe Rabi oscillations in RWA and
ARWA regime experimentally. One way to answer this question is to calculate
the current density in both the regimes. Current density is a gauge invariant and
easily experimentally accessible quantity. Therefore, this section deals with the
calculation of current density due to massive carriers in bilayer graphene in RWA
and ARWA regimes. The current density is directly proportional to the inter-
layer polarization (inter-band polarization) of carriers induced in presence of high
intense applied electric field. The expression of current density can be obtained
with the help of the continuity equation V - .J| (7, t) = —0ip(7,t), the quantum
kinetic equation ihdp(7,t) = [p(7,t), H], p(¥,t) is the total density of carriers in
the system considered, and the simple anti-commutator algebra for fermions. The
compact form of current density in momentum space for bilayer graphene can be

written as follows (the average current is independent of position, of course),

(Jt) = ——— [(k;, — A ))p(k,t) + h.c.] %

. (2.29)

3 [(k_ — A ())p(k,t) — h.c.] 9

—

k

2mm

Current density is, of course, a real quantity. A detailed calculation of Eq. (2.29)

is given in appendix A.3.

2.3.1 Current density of bilayer graphene in RWA regime

As Eq. (2.29) exposes that current density solely depends on inter-layer polariza-
tion. The inter-layer polarization, in RWA regime, is given by Eq. (2.15). For
small detuning A, the terms proportional to A in Eq. (2.15) can be neglected.
Therefore, Eq. (2.15) reduces to the following,

kL A(0)

Z4mQRWA,w Sin(Qrwaw t)e ™ (2.30)

p(E, ) rwa = —

Other terms will also not contribute because the contribution from other terms

will be zero after integration over 6. Therefore, the x-component of the slow part
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of the current density can be written as,

S i A(0) k. :
(1) = ———— k- — A*(t Q wt
G0)) = g gt 2 (ke = A°0) g —Sin( v 1)
i
Writing k+ = |k|e*™ and performing integration over 6y, all the terms drop

out except the terms which oscillate with the first harmonic in external applied
field. Therefore, in low-energy approximation we may write the current density in

frequency domain to exhibit a threshold behavior.

A A(0) w

(W' o A O(w? -2 2.31
]z(w )‘RWA, 6471'2 T m (U) WWR) ( )

where " is the frequency of Fourier transform of current density from time do-
main to frequency domain. Equation (2.31) gives the current density of bilayer
graphene at first harmonic resonance. If we perform the similar calculation of
current density of bilayer graphene at second harmonic resonance, we will get the
following compact form of current density of bilayer graphene at second harmonic

resonance.

A AN0) 1

16m2m 8A*(0) /2 — w2

Jo(wW)| rwasw = Ow? — w?) (2.32)
It is clear from Egs. (2.31) and (2.32) that the current density in both the res-
onance cases shows a threshold behaviour in frequency domain. The threshold
frequencies at the first and the second harmonic resonances are v/2wwr and wg,
respectively. In other words, we can say that the current density in the conven-
tional resonance case shows two different kinds of threshold behaviour. This is

pictorially shown in Fig. 2.2.

The asymptotic from of current density, after doing straight forward Fourier trans-
formation from frequency to time domain of the current density Eqs. (2.31) and
(2.32), in time domain can be written as follows,

J20) a2 o OV 2R ”Jgsm(v 2 ) (233)

s Cos(wr t) — Sin(wg t
Ja®)|rwage = A (wr )\/% r 1) (2.34)

where v and A are constants that fit the dimension of current density. Equations
(2.31) and (2.32) reveals that the slow part of current density in RWA case exhibits
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two different types of threshold behaviour, one is at first harmonic and another at

the second harmonic in the external frequency. The corresponding Rabi frequen-

/2 and wg respectively. The current density in both RWA cases

~1/2

cies are (2wwg)

has an amplitude that has a power law decay of the form ¢t='/¢, see Fig. 2.2.

2.3.2 Current density of bilayer graphene in ARWA regime

The current density in bilayer graphene in extreme non-resonance can be calculated
in a similar way as we did in case of resonance case. The inter-layer polarization
in ARWA case is given by Eq. (2.26). In this equation the terms proportional
to O(ﬁ) can be neglected because we are assuming that the frequency of the
external applied field is very large. Inserting into the current density Eq. (2.29)
and performing integration over , all the terms drop out except the terms which
oscillate with the first harmonic in external applied field. Therefore, in low-energy
approximation we may write the current density in frequency domain to exhibit a
threshold behavior.

.5 ’ A C{)ZA(O) ’ w% ’ w%
Jo(w )|arwa =~ T 5200 (w — —) 0 <w = —) (2:35)

Near the threshold, when w’ ~ %, the current density exhibits a linear behaviour.

The exponent at the threshold of induced current in BLG is thus found to be equal

to unity whereas in SLG this exponent has been computed [184] to be equal to

1/2. The asymptotic forms of the current density in time domain in ARWA case

can be written as,

e %
2

where [ is a constant that fits the dimension of current density. Therefore, it is

Ja®)larwa ~ 8 (2.36)

obvious from Eq. (2.36) that the slow part of the current density in off resonance
oscillates with the threshold frequency ww—% with the amplitude exhibiting a power-
law decay t~2. The threshold behaviour of current density in off resonance case is

pictorially shown in Fig. 2.2.
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FIGURE 2.2: (a) Schematic of the variation of slow part of current density j(w’)
with frequency w’ of BLG (blue solid curve) for zero detuned Rabi frequency
wgr = 1 in arbitrary units. The slow part of current density exhibits threshold
behavior at the anomalous Rabi frequency, W%—z Jw. Near threshold, the current
density exhibits linear behavior unlike SLG [184] (red dashed curve) where the
current is proportional to the square root of the deviation from the resonant
frequency (red dashed curve shown in the inset of the diagram). (b) This plot
shows the variation of current density j(¢) versus ¢. The solid thick black curve
shows ARO in the time domain. The solid red and dashed blue lines show the
first and second harmonic RWA case respectively. The frequency associated
with solid red and dashed blue curves are /2wwpr and wg, respectively.
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2.4 Numerical solution of the problem

In the above study, we have solved Bloch equations analytically in different regions

of interest namely- RWA and ARWA. In this section, we present a fully numerical

simulation of the Bloch equations. = Numerical simulation affirms the findings
Analytical 2 04 —0.498
4 - s e
Numerical 5 02 F——
3l g
: 2 00
G2 S
. E -0.2;
’ ] )
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FIGURE 2.3: Fully numerical simulation (a) is a schematic of the variation

of ARF versus w%(= "152” ) ~square of the intensity of the applied field. The
ARF found analytically, solid black line, is in good agreement with the numerical
simulation, red dots. (b) Shows the slow as well as rapidly (inset) varying part
of population p(E, t) versus time t. For plotting purposes, we have chosen the

parameters jﬁ =0, f}% = 10 and w = 2000, in arbitrary units. The frequency

obtained from plot (b) is in complete agreement with analytical expectations.
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FIGURE 2.4: Schematic of the slow as well as rapidly varying population
naiff(k,t) and polarization p(k,t) versus time ¢ at first harmonic resonance,
respectively . The frequency of oscillation matches with the expectatlon(s)from
k
analytical solution. To plot we have chosen the parameters, Tom 10, Tom = 1
and w = 200.
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of the other sections discussed so far. We have employed the NDSolve routine
of Mathematica (Appendix A.4) on the Bloch equations to generate the plots of

population and polarization with respect to time.

In this section, no approximations of any kind are involved so the results obtained
would be reliable and if they agree with the approximate analytical results, it
would provide immediate vindication of the approximation methods used. The
analytical (black line) anomalous Rabi frequency is in excellent agreement with the
numerical simulation (red dots). This is diagrammatically shown in Fig. 2.3(a).
Far from resonance, the slow part of polarization oscillates exactly with the ARF
that matches with the frequency inferred from numerical simulations, refer to Fig.
2.3(b). The fast oscillations are shown in inset of Fig. 2.3(b). The frequency of fast
oscillations is exactly the frequency of the external field. Figure (2.4) shows the
numerical solution of Bloch equations in first harmonic resonance for population
and polarization, respectively. The frequency of oscillation determined from plot

is consistent with the analytical result.

2.5 Anomalous Rabi oscillations in multi-layer

graphene

In this section, we describe how to generalize the ideas of the previous discussion to
n-layer graphene, also known as multi-layer graphene (MLG) [185]. The layered
structure make it very high exceptionally anisotropic material. This section is
devoted to deriving the generalized form of the formulae of the previous sections.
MLG can be formed by the stacking of single graphene sheets one on the top of the
other - either in ABAB... arrangement (Bernal stacking) or ABCABC.. pattern
(Rhombohedral stacking), see Fig. 2.5. The MLG can be prepared by mechanical
exfoliation of highly ordered pyrolytic graphite. Multi-layer graphene with less
than ten layers each show different electronic band spectrum. For the present
discussion, ABC-stacking is considered. These layers are weakly coupled by a Van

der Waals forces.
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FIGURE 2.5: Schematic diagrams of few layer graphene crystal structure: (a)

ABAB... arrangement (Bernal stacking) and (b) ABC.... arrangement (Rhom-

bohedral stacking). A and B corresponds to green and black colour circles
respectively.

2.5.1 Hamiltonian of multi-layer graphene

The two band model Hamiltonian [16, 23, 186] of ABC-stacked n-layer graphene

can be written as follows,

vl 0 k"
H,=—29 _ B 2.37
(=)= ( kK0 ) (2:37)

In terms of second quantization, the effective low energy Hamiltonian Eq. (2.37)

can be read as follows,

n—1

H, =AY [Kﬁcgj(lé', tepgn (k,t) + hec. (2.38)
P

1

<.
I

where A = oit/(—)" Y, K = k. — A*(0)e™t, K, = K*, ky = k, & ik,,
A(0) = £(A,(0) +1iA,(0)) is the complex vector potential which couples to MLG
in the transverse gauge, (V-A = 0). The index n starts from n = 2, 3,4, ... for two,
three, four layers respectively. The single layer n = 1 is a special case which we
have already dealt separately [184]. Nevertheless, we may recover the single layer
graphene Hamiltonian by setting n = 1 and removing the summation and all the

indices. The symbol j denotes the effective inter-layer hopping between non-dimer
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states through the dimer states is accomplished by coupling the j* layer to the
(5 + 1) layer.

2.5.2 Bloch equations for n-layer graphene

In this section, we derive the Bloch equation for n-layer graphene. These equa-
tions can be derived by adopting a process similar to described in case of bilayer
graphene. Just as in bilayer graphene, here too, we define dynamical quantities

such as population and polarization as shown below,

—

N, V+1<E7 t) = <CT4V(E7 t)CAV(Ev t)) - <CJJFB(V+1)(E7 t>CB(V+1)(k’ t)>

. 2 ’ (2.39)
Ty 1/+1<k7 t) — <CAy(k7 t)CB(V—i—l) (ka t)>

where the index v = 1,2, ... labels a layer in MLG. If v = 1, two graphene layers
will be involved and if v = 2, three graphene layers will be involved and so on.
The quantum kinetic equations for n, .1 (k, ) and 7, ,,+1(/;, t) of n-layer graphene

reads,

1N, o1 (Fyt) = A [2}(2 o yir (K1) — h.cl
\ o (2.40)
i@tﬂy ,,_|_1(k', t) — )\K_?_ N,/ y+1(k, t)

These are the coherent optical Bloch equations of multilayer graphene.

2.5.3 Solution of Bloch equations

In this section, the Bloch equations of n-layer graphene are solved applying a
process similar used to solve the Bloch equations of bilayer graphene. These
equations are solved in different regions of interest. First we solve these equations
exactly at Dirac point where k = 0. These equations are also solved near Dirac
point in conventional as well as in off resonance case using RWA and ARWA,

respectively.
Case -I: At Dirac point, k=0

At the Dirac point, k= 0, the coupled Bloch equations for n-layer graphene may be

solved using an ansatz, m, l,+1(6, t) =Ty 41, 8(6, t) e~ Making this substitution
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and performing a straightforward calculation we may write the solution of Bloch

equations

AA=A(0)"

N, V+1(6’ t) = o

7T; v+1, s(aa O) Sln(QRt) (2 41)

—

* X N —iQRt ~ MLG
Ty vy, 5(07 t) = Ty v+, 5(07 O) € ) QR R nw + QARF

where QLG = % is the generalized ARF for n-layer graphene at the Dirac point
with which the slow part of polarization oscillates and wg = A |A(0)|". As we
have been stressing, this ARF is observable only in the systems that possess a
pseudospin degree of freedom. One may see that while the ARO in polarization
appears to be associated with the n** harmonic in the EDF w for n-layer graphene,
in reality, the overall polarization p(ﬁ, t) is slowly varying on the scale of the EDF.

However the population does oscillate according to the n'* harmonic in EDF.
Case -II: Near the Dirac point (off resonance w > wg, \|k|)")

This section describes how to solve the Bloch equations for n-layer graphene using
the ARWA method discussed earlier. The main assumption involved in ARWA is
that the EDF (w) is the largest frequency. In order to solve the Bloch equations
we decomposed population n,, l,+1(/2, t) and polarization , y+17$(lg, t) into slow
and fast varying equations, as we did for BLG. But, this time the summation
over [ will run from [ = 1 to Il = n. Since in SLG, ARO are observed at the
level of first harmonic whereas in BLG these are observed at second harmonic.
Therefore, it forces us to keep all the harmonics in case of n-layer graphene to
see the ARO. Inserting these equations into the Bloch equations and following a
process described in case of bilayer graphene far from resonance, we may easily
write the solution of rapidly varying polarization and population equations in
terms of their slowly varying coefficients. The slowly varying part of population

and polarization equations will be,

i0ins(k,t) = 20k" my(k, t) — 20k" 7t (K, t)
k

E : g} (2.42)
10y (K1) = A" ng(k, t) — 28m,(k, t)

The solution of these equations can easily be found by assuming the solution of

the slow part of population equation in the form of ny(k,t) = ny(k,0)Cos(201).
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The solution of the slow part of polarization equation comes out to be,

—

mo(k,t) = 74(k,0) {—igCOSQQt) + sm(zm)]

2 |k,‘2(n—l) ‘A(O)|2l (2'43>

lw

Q- [)\2’k|2n+62]%7 8= Z (ACT)
=1

where Q% pa(= 29Q) is the generalized anomalous Rabi frequency for n-layer
graphene and m,(k,0) = (—1)”;7%,1 and ng(k,0) = —% are the equilib-
rium values of polarization and population, and may be determine in the mean
field approximations. From these general expressions of equilibrium values of po-
larization and population, we can easily write the the expressions of equilibrium
values of polarization and population in case of single and bilayer graphene by
simply putting n = 1 and n = 2, respectively. We can reproduce the formulae of
anomalous Rabi frequency of single and bilayer graphene by simply putting n = 1

and n = 2 in Eq. (2.43), respectively.
Case -III: Near resonance (w = 2A|k|)")

This section deals with the solution of Bloch equations in the resonance case for
small detuning, A < (vw — 2M|k|™), where v denotes the number of resonances
present in the particular graphene system i.e. if n = 1 then » = 1 and only one
resonance will be present, for BLG n = 2, two resonances will occur. The one at
v = 1 occurs at single harmonic in EDF and the second at v = 2 is due to the
frequency doubling effect in BLG absent in SLG and so on. First, we write the
Bloch equations in matrix form then find the diagonalization matrix of the time
independent part of the Hamiltonian thereafter use the appropriate substitutions

to solve the Bloch equations. The conventional Rabi frequency comes out to be,

Qs = /A% + wh, wr = ACT|A0)]k]"™ (2.44)

where C] = #ly), are combinatorial factors. Equation (2.44) is the general
form of conventional Rabi frequency of n-layer graphene in resonance case. All
the conventional resonance results in single and bilayer graphene can be found

directly from Eq. (2.44) by simply putting n = 1 and n = 1, 2, respectively.
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2.5.4 Current density in n-layer graphene

In order to compute the current density in n-layer graphene, we adopt a procedure
similar to discussed in bilayer graphene. The expression of current density in n-
layer graphene will be of the form, (J,(t)) = J,& + J,y where J,, J, defined as

Jy+ = Jp £1J, where J, | reads as,

2nA
2T

(o) = 32 S Y G A O) S (B (249

Inserting the value of polarization 7, (l;, t) in above equation and doing straight-

forward simplification, Eq. (2.45) reduces to the following equation,

A G

S~ Cos(QMEE t)e it 2.46
T - (-A*<O>) ( ARWA) ( )

<Ju,+(t)> =

Equation (2.46) is the basic equation to find the current density in n-layer graphene.
After performing integration over k in above equation, in the low-energy approxi-
mation, the general expression of current density in frequency domain comes out

to be
e

(Joa (W) = o <w’ = —) : (2.47)

nw

where Jj is constant that fit the dimension of current density. It must be stressed
that the current density in Eq. (2.47) is valid only in low energy approximations

2
and near the threshold when W’ &~ 2:—5

Before summarizing our results we wish to clarify that the theory presented here
is not valid for bulk graphite. The term ‘n-layer’ should not be confused with
‘graphite’. It is used to describe ‘few-layer’ graphene or multi-layer graphene not
‘bulk graphite’. In the present discussion, we use RWA and ARWA on low-energy
effective theory of monolayer, bilayer and few-layer graphene. Low-energy effective
theory means we have considered only the nearest neighbour hopping. If we include
next nearest hopping, the methodology presented in this chapter still remains
valid. The next nearest hopping give rise nonlinearity in the band structure of
graphene systems which includes higher energy electronic states. However, the
present discussion does not include any nonlinearity. Eq. (2.37) holds only for
few-layer low-energy electronic spectrum. It is not valid for bulk graphite because

we are not discussing graphite using the band structure of graphene.
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2.6 Summary and conclusions

In this section, we give overall summary of the work presented in this chapter. In
this chapter, we have described Rabi oscillations, which is a well-known nonlinear
optical phenomenon in quantum optics, in different regions of interest, namely-
resonance and off resonance regimes. To describe the phenomenon of Rabi oscilla-
tions in bilayer graphene we first derived the Bloch equations for population and
polarization in a similar way as in case of two-level atomic systems. Then, these
equations are solved in resonance and off resonance case. Bloch equations in off res-
onance are solved using a new technique called asymptotic rotating (ARWA ) which
is an alternative approach to rotating wave approximation (RWA) well-known in
quantum optics. It is found that Rabi oscillations in off resonance case show an
anomalous behaviour similar to that of single layer graphene. The anomalous be-
haviour of Rabi oscillations is attributable to the pseudospin degree of freedom
these systems possess. The anomalous Rabi frequency in these systems has a
different dependence on the external electric field from the conventional one. In
conventional resonance case, more than one layer graphene systems show multiple
harmonic resonances depending upon the system chosen. In multi-layer graphene,
multiple conventional harmonic resonances occur because of presence of multiple
harmonics in the system of Hamiltonian in presence of external applied field. The
number of conventional harmonic resonances present in the graphene systems are
directly attributed to the dispersion relation of these systems. For example, single
layer graphene possesses linear energy-momentum dispersion. Therefore, single
layer graphene possesses single conventional resonance. Charge carriers in bilayer
graphene show parabolic energy-momentum dispersion. So, bilayer graphene ex-
hibits two conventional harmonic resonances- one is at first harmonics in external
driving frequency and other is at second harmonics in external driving frequency
which occurs due to the frequency doubling effect. Similarly, trilayer graphene ex-
hibits three harmonic resonances and so on. This is pictorially shown in Fig. 2.1.
It is seen that, the frequency of anomalous Rabi oscillations in bilayer graphene
is less by the order of % than the frequency of conventional Rabi oscillations in
resonance case. In this figure, there is only one minimum is seen near e;, = 0 which
is the anomalous Rabi frequency in each graphene systems. Whereas, the conven-
tional resonances are shown by the secondary minima for each graphene system.

There is only single secondary minimum in case of single layer graphene while as
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the number of layers increases the number of secondary minima increases. Num-
ber of secondary minima is directly proportional to the number of layers. There
are two secondary minimum in bilayer graphene and in trilayer graphene three
secondary minima are present. It means multi-layer graphene shows multiple con-
ventional resonances whereas there is only single anomalous resonance is present
in each graphene systems. In other words, we can say that multi-layer graphene
exhibits only single anomalous resonance in off resonance regime while there are

multiple conventional resonance are present in multi-layer graphene.

We have also calculated the experimentally accessible quantity current density in
bilayer graphene. Current density in bilayer graphene shows a threshold behaviour
in frequency domain that oscillates exactly with the anomalous Rabi frequency
(%) in off resonance regime. Whereas, in resonance case current density exhibits
two threshold behaviours in frequency domain- one is at first harmonic resonance
and other is at second harmonic resonance. The frequency of oscillations at first
and second harmonic resonances are \/2wwpr and wg, respectively, where wr =
%. The threshold behaviour of current density in different regions of interest
is clearly shown in Fig. 2.2. The exponent at threshold in ARWA regime in bilayer
graphene is computed to be equal to unity whereas it is equal to % in case of single
layer graphene. The current density in time domain shows a power law decay of

the form =2 in ARWA case whereas in both RWA cases it is of the form ¢~ 2.

A fully numerical solution of Bloch equations is also presented that completely

corroborates the analytical findings.

We have successfully generalized the ideas applied on single and bilayer graphene
to multi-layer graphene. The results obtained in case of single and bilayer graphene
can easily be recovered with the help of generalized formulae obtained in case of
multi-layer graphene. It is seen that there is a single anomalous resonance present
in multi-layer graphene whereas there are multiple conventional resonances present
in multi-layer graphene. Number of multiple conventional resonances depend on

the number of layers present in the multi-layer graphene system.

The work presented in this chapter has been taken from Ref.[187]

(©Indian Institute of Technology Guwahati
TH-1429 10612106



Chapter 3

Anomalous Rabi oscillations in

Supported Graphene Systems

In chapter 2, we studied AROs in suspended graphene systems. Suspended graphene
systems (free standing graphene systems) possess a zero gap between the valance
and the conduction band. Therefore, these systems cannot be used in electronic
devices. Absence of gap in electronic spectrum does not permit the turning off the
electronic devices. To use graphene as a viable semiconductor in electronic devices
a gap is required to turn off these devices. Therefore, to make use of graphene in
electronic applications, it is very important to open a tunable and sizable band gap
in the electronic spectrum of graphene. There are several methods to open a gap
between the valance and the conduction band. This gap may be opened usually
by symmetry breaking through extrinsic effects [188]. The electronic spectrum
of gapped graphene is parabolic similar to bilayer graphene without gap which is
quite different from gapless graphene. The carriers in gapped graphene no longer
massless but are now massive. These massive carriers in gapped graphene possess
a parabolic dispersion between energy and momentum [189]. Thus, the asymmetry
breaks the valley degeneracy in monolayer graphene. The gap between the valance
band and the conduction band can also be open in presence of substrate-graphene
interaction upon which the graphene sheet is deposited. Several attempts have
been made to open a gap by depositing graphene on different substrates and dif-

ferent values of the gap parameter is found in each case.
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Using density functional theory, Quhe and collaborators [190] show that when
single layer graphene is properly sandwiched between a pair of hexagonal boron
nitride single layers, a gap of 0.16eV and 0.34eV can be opened without and
with electric field, respectively. Hexagonal boron nitride consists of single layers
of BN of a honeycomb structure almost commensurate to single layer graphene.
Mak et al. [35] studied the gap opening in the electronic spectrum of bilayer
graphene by applying a perpendicular electric field to the plane of bilayer graphene.
They successfully induced a gap of 0.2eV in the electronic spectrum of bilayer
graphene in the presence of a strong applied electric field, about 1V /nm. In bilayer
graphene two types of asymmetries are possible: intra- and inter-layer asymmetry.
The effect of intra-layer symmetry on electronic spectrum is similar to gapped
graphene. While, the effect of inter-layer asymmetry on electronic spectrum is
very dramatic than intra-layer asymmetry. An inter-layer asymmetry gives rise
to a ‘Mexican-hat’ like structure in the band structure of the bilayer graphene
[16, 29, 65, 191, 192]. The properties of gapped monolayer and bilayer graphene

are also discussed in the extensive literature available [46, 193-196].

In present chapter, we discuss the same phenomenon described in chapter 2 in
gapped monolayer and bilayer graphene in presence of an intense optical pump
field. The phenomenon of Rabi oscillation is analysed in two different regions of
interest namely—the resonance and the off resonance case. In the case of symmetric
graphene, Rabi oscillations close to resonance have already been discussed in the
literature [175, 177, 181] using rotating wave approximation (RWA) [151, 152]. To
analyze the phenomenon of Rabi oscillations in off resonance in gapped graphene
systems, we use a similar methodology as described in Chapter 2 in symmetric
graphene systems. In off resonance, the gapped graphene systems (‘graphene sys-
tems’ mean — monolayer and bilayer graphene) show offset oscillations even for van-
ishingly small applied electric fields— a feature absent in the symmetric graphene
systems. These offset oscillations are characterized by the asymmetry parameter
in these systems. In bilayer graphene, inter-layer asymmetry has a dramatic ef-
fect on anomalous Rabi oscillations. Conventional Rabi oscillations, however, are
not significantly affected by the asymmetry parameter in these graphene systems.

This is made clear from the following discussion.
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3.1 Effect of asymmetry on Rabi oscillations in

single layer graphene

This section describes the effect of asymmetry on Rabi oscillations in resonance
as well as in off resonance case in single layer graphene. The conventional ROs
(ROs in resonance case) are almost not affected by the asymmetry parameter (gap
parameter). On the other hand, ROs in off resonance are very highly sensitive to

the gap parameter.

3.1.1 Effective low-energy Hamiltonian of gapped single

layer graphene

The low-energy Hamiltonian of graphene honeycomb lattice is derived using the
tight binding model [92]. This honeycomb lattice is made from two sublattices,
A and B, connected by time-reversal symmetry (SU(2) symmetry). Therefore,
the Hamiltonian of gapless graphene is symmetric under the transformation of
A +— B, and the massless Dirac fermions show gapless linear energy-momentum
dispersion at the Dirac points. The zero gap dispersion implies that the conduction
of electrons cannot be simply toggled by the external gate voltage, and this limits
the use of graphene in electronic applications. This gapless energy dispersion of
graphene has been derived by assuming that the on-site energy of electrons in the
sublattices A and B are equal, H44 = Hgg. Whenever H s # Hpp, a mass term
exists which is responsible for opening of a gap in the energy spectrum. This mass
term breaks the symmetry between the two sublattices A and B, and graphene
becomes asymmetric under the transformation of A «<— B. Now the graphene
Hamiltonian will no longer be symmetric under this transformation. There are
various ways to induce this mass term such as interaction of graphene sheet with
the substrate upon which graphene sheet is deposited [188, 196], sandwiching a
monolayer graphene between a pair of hexagonal Boron nitride layers [190] or
applying an external electric field perpendicular to plane of the graphene sheet.
There are experimental and theoretical [189, 193] research articles available on the

topic of generation of a gap in the energy spectrum of graphene.

The effective low energy Hamiltonian [92] of gapped monolayer graphene can then

be written as a pure graphene Hamiltonian and a term that describes the creation
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of a mass term
H=Hy+ H,; (3.1)

where, Hy = vp(d - p) is the intrinsic graphene Hamiltonian and H,,; = vim,o,
is the Hamiltonian of the mass term that may arise due to sublattice space asym-
metry between A and B sublattices. The energy eigenvalues of Hamiltonian Eq.
(3.1) are derived in Refs. [189, 194] as given below:

Bo () = ) (03ma)? + | F(R)? (32)

- ckza _im . . :
where f(k) = €'V +2¢ Vs Cos(%) and ~y is the transfer integral. Equation

(3.2) gives the parabolic dispersion for the charge carriers (Fig. 3.1).

1.0

FIGURE 3.1: Left: Schematic of the graphene sheet deposited upon a sub-
strate. A is the on-site energy of the atoms on sublattice sites A and B that
defines the intra-layer asymmetry between two sublattices and gives rise a mass
term in the monolayer graphene Hamiltonian Eq. (3.1). Right: Energy band
spectrum of single layer graphene with (solid green) and without asymmetry
(dashed black). The energy spectrum of asymmetric single layer graphene has a
parabolic dispersion and shows a band gap between the conduction and valance
band.

To describe the phenomenon of Rabi oscillations a semiclassical approximation is
used, radiation is treated classically and matter fields are quantum. An in plane
electric field is applied to the graphene sheet through a vector potential of the
form A(t) = A(0)e !, where A(0) = ¢(Az(0) +1iA,(0)) is a complex amplitude
of an external driving field. In second quantization, using two-component basis

cigenstates of Hamiltonian Eq. (3.1) in momentum space of the form o7 (k,t) =
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—

(ca(k,t) cp(k,t)), the Hamiltonian Eq. (3.1) reads as

=% [UF (ki — A*(8)) el (. )ep (k. t) + h.c.]
k (3.3)

—

+ vimy Z [CL(E, Healk,t) — chy(k, t)ep(k, t)]

—

k

where ky = k, & ik,, c(c') are the annihilation(creation) operators on sublattice
sites A and B and vice versa. If mass term is zero, the Hamiltonian Eq. (3.1)
commutes with the helicity operator h (projection of pseudo-spin in the direction
of momentum) that preserves the SU(2) symmetry. In presence of a mass term,
the Hamiltonian Eq. (3.1) does not commute with helicity operator h. This breaks
SU(2) symmetry of Hamiltonian Eq. (3.1). It means the time reversal symmetry
has been broken or we can say that there exists a sublattice space asymmetry
between two sublattices A and B. This also signifies that we cannot produce the

crystal of graphene by simply repetition of a unit cell in two dimensions.

3.1.2 Bloch equations of gapped graphene

In this section, we derive the Bloch equations of population and polarization excess
on sublattice sites A and B in gapped graphene. In second quantization, these

quantities are expressed as follows,

—

1) = (el )) = {ch(k,1) cpk, 1))

Naif g ( )
) = (cl,

(3.4)

I I
~
~—~"
o
~
b

ol A
<+

With the help of the equations of motion for operators i0;p = [p, H|, and simple
anti-commutator algebra for fermions, the Bloch equations of ng;y f(E ,t) and p(E 1)

reads as (setting h = 1),
iOnaipr(k, 1) = 2up | (ke — A*(2) p(k, t) — h.c. (3.5)

i0p(k,t) = vp (k= — A(t)) ngiss(k, t) — 202myp(k, t) (3.6)

These are the rate equations of the population excess ndiff(l;, t) and polariza-
tion p(k,t) on sublattice site A and B. Where ky = k, & ik,, A(t) = A(0)e*",
and A(0) = € (Ax(0) +iA,(0)). The asymmetry affects only the rate equation of

polarization p(E, t) while the population equation remains unchanged. It means
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asymmetry affects only the induced polarization in presence of an electric field
while population is not affected by asymmetry. This is the main difference be-
tween the Bloch equations of gapped and without gapped single layer graphene.
Now, we want to solve these equations near resonance, when the external driving
frequency is nearly equal to the inter-band transition frequency of the system, and
far from resonance, when the external driving frequency is very large in compar-
ison to the inter-band transition frequency of the system. The Bloch equations
in single layer graphene have already been solved in absence of gap [184]. Here,
we solve these equations in presence of gap parameter (in presence of asymmetry

parameter). We followed a process similar to the one described in Ref.[184].

3.1.3 Solution of Bloch equations near resonance, w ~ 2F

This section describes the solution of Bloch equations of gapped single layer
graphene in the resonance regime when w is nearly equal to electron-hole pair
excitation frequency. Similar to bilayer graphene, gapped single layer graphene
also exhibits parabolic dispersion between energy and momentum. Unlike bi-
layer graphene, here, there is only one resonance, similar to single layer graphene
without gap, which occurs at the first harmonic in EDF . To solve the Bloch
equations of gapped single layer graphene in the resonance case, we applied a ro-
tating wave approximation [150, 151, 174] well known in the context of two-level
atomic systems in quantum optics. These Bloch equations are explicitly solved
in resonance regime in case of single layer graphene without gap [184]. Hence we
provide only the results and their interpretation. Following a process similar to
the one described in Ref.[184], we obtain the following formula of conventional

Rabi frequency in gapped single layer graphene

1
w
QRWA:\/(S?—i—w%%—l—E—%A(A—QEk) (3.7)
where 6 = w — 2E, and Ey = /vik? + A2 Near resonance w ~ 2Ej, and also
A < w. With these approximations, Eq. (3.7) reduces to Qrwa = wr ( — %) ~
wr which is approximately the same as in suspended graphene. Thus, we can
see that the conventional Rabi frequency near resonance is almost independent of

asymmetry parameter A.
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3.1.4 Solution of Bloch equations far from resonance, w >

WR, 2B},

In this section, we solve the Bloch equations in off resonance case using ARWA
described in refs.[184, 187]. Therefore, we highlight only the results. Note that
the population equations in gapped and without gapped single layer graphene are
same. This means that the solution for the population equation of gapped and
without gapped single layer graphene remains unchanged. The change appears
only in the solution of polarization equation. The solutions of rapidly varying

part of population and polarization equations are as follows,

nsft) ~ 2220k

- UFA* 0 -
p+(k, t) ~ _Wt(_'_)w)ns(ka t) (38)
D (E, t) QUFk_A(O) (E, t)

w(2vZm; — w)"’

The solution of slow varying part of polarization equation comes out to be equal

to,
T T WRm . 29 .
(K, 1) = ng(k, 0 —Cos(20t) — i—— Sin(20t 3.9
pa(E,t) = ni( >4UF,€+[ 05(202) = i~ Sin(202) (3.9
2 71/2 2 2
205 A(0
QARWA = 2 |:(UF|:I{Z|)2+ _me:| , WRm = ZU%mt—f- —UF|W( >| (310)

Equation (3.10) gives the anomalous Rabi frequency of gapped single layer graphene
in off resonance. Exactly at the Dirac point of the Brillouin zone, the formula of
anomalous Rabi frequency reduces to, Qarr = 20%m;+ %, where wg = vr|A(0)],
is the zero detuned conventional Rabi frequency. This formula turns into the
anomalous Rabi frequency of suspended graphene in absence of gap parameter.
In presence of mass term, monolayer graphene show Rabi-like oscillations even
for vanishingly small applied field. We call these oscillations ‘offset oscillations’
and the corresponding frequency is called the offset frequency. The value of offset
frequency may be identified with the asymmetry parameter. This feature of offset
oscillations is absent in suspended graphene. Typically, this asymmetry parameter
is due to sublattice space asymmetry A between A and B sublattices. Figure 3.2
depicts the offset frequency in asymmetric monolayer graphene. The actual value
of offset frequency Qapp is 0.21w for a value of frequency w = 67 x 10*rad/sec
of the applied field. In addition we choose wp = 2.02 x 10'3rad/sec. This offset
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FIGURE 3.2: Schematic of the variation of the dimensionless anomalous Rabi
frequency (ARF) Qarp/w versus a dimensionless quantity x (= %,wR =
vr|A(0)]) in case of symmetric graphene (dashed black) and asymmetric mono-
layer graphene (solid green), at the Dirac point of the Brillouin zone. ARF in
symmetric graphene shows a zero trivial minimum in the absence of externally
applied field whereas for asymmetric graphene it has a finite value. This shows
that the ARF exhibits offset oscillations that may be identified with the twice
the asymmetry parameter A. For clarity, we have chosen a large value of the
offset frequency. A realistic value of the offset frequency is related to asymmetry

: Q _ 2A __
parameter through the relation, ~4E£ = = = 0.21.

frequency is better observable for weak electric fields. We can see that the mass
term has a remarkable effect on the anomalous Rabi frequency only for weak fields,
as it is obvious from Eq. (3.10). Thus we have seen that the asymmetry parameter
has no significant effect on conventional Rabi frequency while the anomalous Rabi
oscillations are significantly affected by the asymmetry parameter in monolayer

graphene.

3.1.5 Current density in gapped single layer graphene

The current density of suspended graphene sheet has been derived in detail in
Ref.[184]. Here, we mention the key differences of behaviour of current density
of gap and gapless single layer graphene. As we have seen the asymmetry has no
significant effect on conventional Rabi oscillations. Therefore, our concern is to
discuss the effect of asymmetry on induced current density only in off resonance

case. Current density is an experimentally accessible quantity. Theoretically, this
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may be derived with the help of continuity equation and Hiesenberg’s equation of

motion for the charge density.

J(t) = devp Y p(k,t)Gap + h.c.
E

(3.11)

where vp is the Fermi velocity of Dirac fermions, ¢ is the Pauli spin matrices, and
the prefactor 4 = 2 x 2 is for the spin and valley degeneracy, respectively. Inserting
the value of polarization p(lg ,t) in above equation and performing a straightforward
calculation, we may easily write the slow part of current density in the frequency

domain, in off-resonance case,

§ o\ 2712
JZ(w/) ~ _2eAA0)dup (0)Faz [wlA‘ —w? (QA - %_R) ] (3.12)
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FIGURE 3.3: Schematic of the variation of the slow part of: (left) induced
current versus a dimensionless quantity n(= w' /w), in the presence of an external
applied field, and (right) in the absence of an externally applied field. This figure
is plotted by assuming that wr = 1 and w = 10, in arbitrary units. It is obvious
from the left part of this figure that the threshold frequency of the induced
current is increased in the presence of asymmetry (solid green) in comparison
to that of without asymmetry (dashed black) shown in inset for clarity. The

threshold frequency - is (%ﬁ + wz ) which is the anomalous Rabi frequency at
Dirac point, as may be seen from Eq. (3.10). The right part is plotted in the
absence of external field. It is clear from the right part of this figure that the
induced current in symmetric graphene [184] (dashed black) loses its threshold
behaviour when the external field is absent whereas, asymmetric monolayer
graphene (solid green) still exhibits the threshold behaviour. The frequency of
offset oscillations of the current is identified by the asymmetry parameter A,
and has the relation, 2A = 0.21%w.

(©Indian Institute of Technology Guwahati

TH-1429 10612106



Chapter 3. AROs in Supported Graphene Systems 80

Equation (3.12) has the following explanation: the value of threshold frequency of
slow part of current density, in asymmetric monolayer graphene, is increased by the
asymmetry parameter (as we have seen earlier as well), and the threshold frequency
w' of induced current is equal to (2A + 2w?%/w) which is exactly the anomalous
Rabi frequency at the Dirac point which is obvious from Eq. (3.10). Moreover,
the current density in asymmetric graphene exhibits a threshold behaviour even
for vanishingly small applied fields. The asymmetry parameter does not affect the
exponent at threshold but it has a remarkable effect on the value of the threshold
frequency. In Fig. 3.3, we have shown the variation of the induced current with
a dimensionless quantity 7(= w'/w). For this, we make the quantity within the
square bracket dimensionless. Realistic values of w and wp are 67 x 102rad/sec

and 2.02 x 10"3rad/sec, respectively.

In the above discussion, we have observed the effect of asymmetry on Rabi oscilla-
tions as well as on the induced current in asymmetric monolayer graphene, mainly
in the off resonance case. The anomalous Rabi frequency is offset by the asym-
metry parameter in the off resonance case whereas asymmetry has no significant
effect on the conventional Rabi frequency. The induced current in asymmetric
monolayer graphene shows threshold behaviour even for vanishingly small applied

fields less than the gap parameter.

The subsequent sections describe the same phenomenon in asymmetric bilayer
graphene. In bilayer graphene, there are two asymmetries involved namely- inter-
layer and intra-layer asymmetry. We investigate the effect of these asymmetries on
anomalous Rabi oscillations in bilayer graphene. The intra-layer asymmetry has a
similar effect on anomalous Rabi oscillations as in asymmetric monolayer graphene
whereas, the effect of inter-layer asymmetry on anomalous Rabi oscillations is even
more dramatic. We have already discussed anomalous Rabi oscillations in bilayer
graphene without gap parameter. Therefore, the following sections describe only
the results and their interpretations when the asymmetry is considered in bilayer

graphene.
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3.2 Effect of asymmetry on Rabi oscillations in

bilayer graphene

This section describes the effect of asymmetry on ROs in bilayer graphene. Bilayer
graphene is composed of two single graphene sheets in a Bernal stacking [28]. In
bilayer graphene, there are two kinds of asymmetry: one is intra-layer asymmetry
and second is inter-layer asymmetry. The inter-layer asymmetry may be due to
doping effect or external gate-voltage whereas, intra-layer asymmetry arises due
to the substrate and graphene sheet interaction upon which the graphene sheet
is deposited. It could also arise due to an applied electric field perpendicular to
the plane of the graphene sheet [35, 46, 191]. The effect of intra-layer asymmetry
on ROs in bilayer graphene is similar to that of single layer graphene. The effect
of inter-layer asymmetry on ROs is more dramatic than intra-layer asymmetry,
as we will see from the following discussion. We will not discuss further details
of the effect of asymmetry on conventional ROs because these oscillations do not
change significantly as we have seen in case of single layer graphene. Therefore,

we discuss only the effect of asymmetry in detail on ROs in off resonance case.

The effective low-energy Hamiltonian of bilayer graphene including inter- and

intra-layer asymmetries may be written as follows,

1 (0 & A0 1 kek\ 1 0
H= 58 e +U(—— s ) (3.13)
2m \ k2 0 0 —A 2 g 0 -1

The first term in Eq. (3.13) is the effective low energy two component Hamiltonian

of pure bilayer graphene that describes the indirect inter-layer hopping from Al
to B2 atomic site which includes direct inter-layer hopping ~; forming dimer-site
between the atomic sites B1 and A2, and an intra-layer hopping velocity v. This
two component Hamiltonian was first derived by E. McCann et al. [16] using the
Green’s function method for matrices. The second and third term in Eq. (3.13)
are due to the intra- and inter-layer asymmetry that breaks the sublattice space
symmetry and the symmetry between two layers, respectively. The intra-layer
asymmetry opens up a gap in the low energy spectrum of bilayer graphene. The
effect of inter-layer asymmetry is dramatic, it leads to a ‘Mexican-hat’ structure in
the low energy spectrum of bilayer graphene, Fig. 3.4. Our purpose is to describe
the effect of asymmetry on Rabi oscillations in the presence of an intense applied

electromagnetic field. We first discuss the effect of intra-layer asymmetry on Rabi
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FIGURE 3.4: Left: Schematic of bilayer graphene deposited upon a substrate.

A is the on site energy of the atoms on sublattice site A1 and B1 that defines the

intra-layer asymmetry between two sublattices and opens up a gap at the Dirac

point. U is the asymmetry between two layers that gives rise to a ‘Mexican’

hat structure in the energy spectrum. Right: Low energy spectrum of bilayer

graphene with intra-layer asymmetry (solid green), without asymmetry (dashed
black) and with inter-layer asymmetry (solid blue).

oscillations and the effect of inter-layer asymmetry is discussed afterwards. The
low-energy electronic band spectrum in Fig. 3.4 is theoretically derived in the
references [16, 17, 192] by solving a four-component Hamiltonian, that gives the
following energy bands when intra- and inter-layer asymmetry have been taken

into account, respectively,

2

A WA

Ei=—+7 \/1+°7—%+(—1) (3.14)
2

=0 e+ oy LB 615)

. ikya —ikya
where f(k) = e s + 2 25 Cos(*%), a is the lattice constant. « = 1,2 that
describe low and high energy bands, respectively. Equations (3.14) and (3.15)
show that intra-layer asymmetry only gives a shift in the energy whereas inter-

layer asymmetry gives rise to a ‘Mexican hat’ structure in the energy spectrum.

3.2.1 Effect of intra-layer asymmetry on Rabi oscillations

Here, we describe the effect of intra-layer asymmetry on ROs in bilayer graphene.
In presence of intra-layer asymmetry (A), a gap is open in the band structure of

bilayer graphene as shown by solid green curve in Fig. 3.4. The effect of intra-layer
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asymmetry on the band structure of bilayer graphene is similar to that of single
layer graphene. In presence of intra-layer asymmetry anomalous ROs show an
offset oscillations similar to that of single layer graphene. The frequency of these
offset oscillations can be determined by the asymmetry parameter. In other words,
we can say that the frequency of offset oscillations depends on the gap parameter
that depends on the type of substrates chosen. This can be clearly understood

with the help of following discussion.

To discuss the effect of intra-layer asymmetry on ROs, we use a semiclassical
approximation, similar to the model presented in case of asymmetric monolayer
graphene. In the low-energy continuum limit, the Hamiltonian of bilayer graphene

including intra-layer asymmetry, in second quantization, may be written as

H= —% (k= () iy (Fot) epalF.0) + hec]
k ) . ) ) (3.16)
+aY [cLl(k:,t) e (k1) — (K, 1) CBQ(k,t)]

where ky = k, = ik,, A(t) = A(0)e ™" is the vector potential which couples to
bilayer graphene in the Coulomb gauge and A(0) = €(A,(0) + i4,(0)), ¢ and cf
are annihilation and creation operators on sublattice sites A1 and B2. The second

term in Eq. (3.16) is purely due to intra-layer asymmetry.

We follow a process similar to the single layer graphene. We first derive the Bloch
equations of bilayer graphene including intra-layer asymmetry. These Bloch equa-
tions are solved in two different regions of interest- resonance and off resonance.
Here, we will give a qualitative description because the process is similar to that
of single layer graphene, hence, we do not want to repeat the similar calculations.
Similar to single layer graphene, we discuss the effect of asymmetry on experimen-

tal accessible quantity current density.

We may write the Bloch equations of population ng;y f(E, t) and polarization p(E, t)
excess on sublattice site A1 in the bottom layer and B2 in the top layer when intra-

layer asymmetry is taken into account as follows,

iOumass s (o t) = —% [k — A1) p(F.1) — hc. (3.17)
iOp(k,t) = —% (ky — A))? nais (K, t) — 2Ap(K, t) (3.18)
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Now we wish to solve the rate equations of population and polarization in two
different regions of interest- resonance and far from resonance, as we have already

been mentioned in case of asymmetric monolayer graphene.

Solution of Bloch equations near resonance. To solve the Bloch equations near
resonance, we follow a process similar to the one described in previous chap-
ters and also in the earlier section. In bilayer graphene, there are two possible
resonances- one is at the first harmonic and other is at the second harmonic in
external frequency, unlike in single layer graphene [184] where there is only one
possible resonance. The conventional Rabi frequencies near first and second har-

monic resonances are given below, respectively,

0y 2= | 54892 K (1R 2A (A - E " 3.19
w = pr meEQ AP + ( k) ( : )
k
e |/€|4 1/2
Qo = {52 aF E_]; (W +2A(A — Ek)>:| (320)
k

where 0 = nw — 2E}, n defines the order of harmonic resonances and Fj, is the en-
ergy eigenvalue of the system. When A = 0, Equations (3.19) and (3.20) gives the
conventional Rabi frequencies without asymmetry in bilayer graphene. Near reso-
nance, nw ~ 2E}, the conventional Rabi frequencies at first and second harmonic

resonance reduces to the following

2\ 1/2
2A 2A
m w w

Since A < w, therefore we can see that the conventional Rabi frequencies are
nearly independent of the intra-layer asymmetry. This shows that the conven-
tional Rabi frequency in both resonance cases is nearly the same with or without
asymmetry. In other words, asymmetry has no significant effect on conventional
ROs. On the other hand, ROs in off resonance are significant effected by the

presence of asymmetry, it may be clear from the subsequent description.

Solution of Bloch equations in off resonance case. In off resonance, when the
frequency of external field is very large in comparison to the inter-band transi-
tion frequency of the system (w > |k|?>/m) and also from the zero detuned Rabi
frequency of carriers (w > wg), the Bloch equations are solved using an approxi-
mation called asymptotic rotating wave approximation (ARWA). In case of bilayer

graphene, when we decomposed the population ng; f(l;, t) and polarization p(E, t)
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into slow and fast varying, we have to keep terms up to the second harmonic in
the external frequency unlike single layer graphene, where we kept only the terms
that oscillate with the first harmonic in external driving frequency, as it is clear
from the Hamiltonian Eq. (3.16). Following a similar process described in case of
asymmetric monolayer graphene, we may write the solution of fast coefficients of

population and polarization,

a1 = 22O ) iy = 4 D
pon) = ot [0, g BUAOPEO),
pac.) = = 2O, gl = O
P (Fot) = —%m@, )

The slow varying population and polarization equations are

. = 1 2 7.
z@tns(k‘,t) = —E [k_ps(kat) k+ps(k t)i|
N, wh k],

These two equations may be solved mutually by assuming that the solution of
the slow part of the populations equation n(k,t) = ny(k, 0)Cos(2Qt). Then the

solution of the slow part of polarization equation may be written as follows

(k,t) = K Cos(20t) + & Sin(2Q) |, ny(k,0) = K[
Pt 4dm k wR,asy ' e 2m2Eka ,asy
1/2
k 2\ 2 w2 s k 2
Qarwa = 2 [(' | ) P i y] y WRasy = {2A+—+4| [ (3.21)
2m 4 w mw

where wr = |A(0)|?/2m, Ej, = (|k|*/4m? + A?)'/2 is the energy eigenvalue of the
system and A denotes the intra-layer asymmetry that opens a gap between the
valance and conduction band. Equation (3.21) gives the anomalous Rabi frequency
near the Dirac point of the Brillouin zone. Exactly at Dirac point, when k= 0,
Eq. (3.21) reduces to Qarr = 2A +w%/w. In absence of asymmetry, this gives the
anomalous Rabi frequency of suspended bilayer graphene that varies linearly with

the square of the intensity of the applied field whereas, in single layer graphene
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FIGURE 3.5: Schematic of the variation of the dimensionless anomalous Rabi

frequency (ARF) Q’:J versus a dimensionless quantity x (intensity of applied

o
layer graphene (solid green) respectively, at the Dirac point of the Brillouin
zone. The dimensionless ARF for symmetric bilayer graphene shows a zero
trivial minimum in the absence of the applied field whereas for asymmetric bi-
layer graphene it has a finite value. This reveals that the ARF shows offset
oscillations in the absence of applied field, and these offset oscillations are ob-
served only for weak fields. For clarity, we have chosen a large value of offset
frequency. A realistic value of offset frequency is related to the asymmetry

parameter by the relation, % =0.24.

field) (: B R = M) for symmetric (dashed black) and asymmetric bi-

it is linear with intensity [184]. In presence of asymmetry, the system exhibits
Rabi-like oscillations even for vanishingly small applied fields. It means, here also,
similar to asymmetric monolayer graphene, the anomalous Rabi frequency is offset
by an asymmetry parameter. The value of the offset frequency is identified with
the asymmetry parameter. Realistic values of w, wr and A are listed in the table
(3.1). Offset oscillations in bilayer graphene with intra-layer asymmetry are shown
in Fig. 3.5.

Effect of intra-layer asymmetry on current density. Current density in bilayer
graphene is not affected directly in presence of asymmetry. Therefore, the expres-
sion of current density for symmetric and asymmetric bilayer graphene remains
same, as we can see from Eqs. (2.29) and (3.22). The current density in bilayer
graphene is affected by the presence of asymmetry through polarization because
asymmetry modified the polarization and current density is proportional to polar-

iation. The compact form of current density of asymmetric bilayer graphene can
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Energy Unit(eV)
SLG BLG
hw?/w | 1.4 x 1071 | 1.78 x 1077
hwgr 0.013 4.69 x 1074
A 0.26 0.15
U - 0.075
hw 1.24 1.24

TABLE 3.1: This table contains realistic values of various energy scales in mono-
layer and bilayer graphene. The value of A and U are adopted from the refer-
ences [29, 188, 197].

be derived by using a process similar to that of asymmetric single layer graphene,

x-component of which can be written as

]_ nd
< Jp(t) >= ——— k- — A*(t k,t)+ h.c. 3.22
(1) 3=~ D (ke — A1) (R 1)+ e (3:22)
k
Inserting p(E, t) in above equation and performing the integration over the mo-
menta IZ, we can write a final expression of slow part of current density in the

frequency domain,

J3(w) = — <A(O)) 8 (w’ —2A — “—12%> S (w' —2A — “’—%‘«) (3.23)

1672 ) 32w3, w w

Equation (3.23) gives the induced current in bilayer graphene when intra-layer
asymmetry has been taken into account. If A = 0, Eq. (3.23) gives the induced
current in bilayer graphene without asymmetry. Equation (3.23) is valid only
near threshold. The exponent of induced current at threshold is equal to unity
whereas, in monolayer graphene [184] this computed to be equal to 1/2. The
asymmetry does not affect the exponent at the threshold but changes the value of
the threshold frequency. The value of threshold frequency is increased by the gap
parameter. The induced current in Eq. (3.23) shows Rabi-like oscillations even in
absence of external applied electric field (wg = 0). This shows that the induced
current exhibits offset oscillations- a feature absent in symmetric bilayer graphene.
These offset oscillations are characterized by the asymmetry parameter A. This

explanation will become more clear from Fig. 3.6.
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FIGURE 3.6: Schematic of the variation of the slow part of: (left) induced cur-

rent versus a dimensionless quantity 7(= %), in the presence of the external

applied field. This figure is plotted by assuming that wp = 1 and w = 10, in
arbitrary units. It is obvious from the left part of this figure that the thresh-
old frequency of the induced current is increased in the presence of asymmetry
(solid green) in Comparlson to without asymmetry (dashed black). The thresh-
old frequency - is (%ﬁ + 2z 3 ) where wgr = |A( )‘ . The right part is plotted in
the absence of external field which shows that the induced current in symmet-
ric bilayer graphene (dashed black) loses its threshold behaviour whereas, the
asymmetric bilayer graphene (solid green) retains a threshold behaviour. The
frequency of offset oscillations of the current is identified with the asymmetry
parameter A. The offset oscillations in induced current are observable only for
weak applied fields. For strong fields these parameters reduce to those without

Qng fa 2A
asymmetry. A realistic value of the offset frequency is £= = 0.24.

3.2.2 Effect of inter-layer asymmetry on Rabi oscillations
The third term in Hamiltonian Eq. (3.16) is due to inter-layer asymmetry in
bilayer graphene, where U denotes the strength of inter-layer asymmetry. The
inter-layer asymmetry has a dramatic effect on the energy spectrum of bilayer
graphene. A ‘Mexican hat’ like structure appears in the low energy spectrum of
bilayer graphene that gives the true value of the energy gap [17], Fig. 3.4. In the
continuum limit, the Hamiltonian of bilayer graphene with inter-layer asymmetry

may be written as,

H=-——
i

#2[g = TR B ea® et e

[(k;_ ~ A 0)? (B ema(R) + h.c.]

(3.24)
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To discuss the effect of inter-layer asymmetry on Rabi oscillations, we follow a
procedure as described in earlier section. We first derive the Bloch equations and
then solve these equations near resonance and far from resonance. Upon solving
the Bloch equations far from resonance, we obtain the following expression for the

slowly varying part of polarization,

2

- k 22
s(k,t) = —— | Cos2Qt + i—Sin20t
ps(k,t) InE, 0s +ZWR in

where E} is the energy eigenvalue of bilayer graphene with inter-layer asymmetry.
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FIGURE 3.7: Schematic of the variation of the dimensionless anomalous Rabi
frequency (ARF) Q“LRF versus a dimensionless quantity x (~ wr/w) for symmet-
ric (dashed black) and inter-layer asymmetric bilayer graphene (solid green), at
the Dirac point of the Brillouin zone. The dimensionless ARF for symmetric
bilayer graphene shows a zero trivial minimum in the presence of the applied
field. For inter-layer asymmetric bilayer graphene, the ARF goes through a
non-trivial minimum that occurs at a value of x = %, and is observed only
for weak applied fields. For strong applied fields, the effect of inter-layer asym-
metry becomes similar to the intra-layer asymmetry, and if we further increase
the strength of the applied field the ARF tends towards to that without asym-
metry. The offset frequency is related to asymmetry parameter by the relation,
Qape — U — 0.06, for a realistic value of the ratio % ~ 0.21 and frequency of

w — hw
the applied field w = 67 x 10'rad/sec.

The general expression of anomalous Rabi frequency in this case comes out to be,

|k|? 2 w}%
9] WA = 2 LR, 4+ -
ARWA \/(2m 4

/ AO)[* 2]k]2|A(0)?
oo — | AOF  2E[FAQ)]

R =

+U (1 - Z—; (k> + |A(O)|2))] (3.25)

Am2w miw
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Exactly at Dirac point, the above expression for anomalous Rabi frequency reduces

to the following,

2 A 0 2
Qapr =U (1 — Oﬁ) + W—R, WR = [4(0) (3.26)
g w

Unlike the anomalous Rabi frequency in bilayer graphene with intra-layer asym-
metry, here we find an additional term containing wgr that is responsible for a
non-trivial minimum in the anomalous Rabi frequency. This non-trivial minimum
is observed only for weak applied electromagnetic fields- a characteristic absent
in symmetric and intra-layer asymmetric bilayer graphene. For strong fields, it
tends towards the anomalous Rabi frequency of bilayer graphene with intra-layer
asymmetry. The effect of inter-layer asymmetry on anomalous Rabi frequency in

bilayer graphene at Dirac point of the Brillouin zone is shown in Fig. 3.7. The
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FIGURE 3.8: Schematic of the variation of the slow part of: (left) induced

current versus a dimensionless quantity 7 = -, in the presence and (right) in
the absence of the applied field. This figure is plotted assuming that wp = 1
and w = 10, in arbitrary units. It is obvious from the left part of this figure that
the threshold frequency of the induced current is increased in the presence of
asymmetry (solid green) in comparison to that of without asymmetry, similar
to the intra-layer asymmetric bilayer graphene. This shift is observed only for
weak fields, for strong ,ﬁelds, the behaviour is same as without asymmetry. The

threshold frequency % is (% — Z“;f + L;i;) Right part of this figure shows
that the induced current in symmetric bilayer graphene (dashed black) loses its
threshold behaviour whereas, the bilayer graphene with inter-layer asymmetry
(solid green) exhibits threshold behaviour even for vanishingly small external
fields, and this is prominent only for the weak applied fields. The frequency of
offset oscillations of the current is identified by the asymmetry parameter U,

and has the relation, U = 0.06Aw.

effect of inter-layer asymmetry on the slow part of induced current can be seen
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from the following expression,

/ Uw (/.)2
Js(t) _ A 7% WR A(O) wo <U B ’YlR * TR> (3 27)
2 2rm 8nUv? 4mw (U—M—i—ﬁ) (M_U_qﬁy '
7 w mw 'yf

The induced current in bilayer graphene with inter-layer asymmetry is also offset
by the asymmetry parameter- a feature absent in symmetric bilayer graphene,
and the offset value is identified with the asymmetry parameter which is different
than that of the intra-layer asymmetry parameter. A shift appears in the induced
current from lower to higher threshold frequency and is well observed only for
weak fields. Similar to the effect of intra-layer asymmetry on induced current,
the inter-layer asymmetry also does not change the exponent at threshold but
changes the threshold frequency with different asymmetry parameter, as can be
seen from Eq. (3.27). The effect of inter-layer asymmetry on induced current in
bilayer graphene can be easily understood from Fig. 3.8. The numerical values
of various quantities given in table (3.1) are calculated at a fixed value of the
frequency w = 67 x 10" rad/sec of the external applied field, E,.. = 250 kV/cm.
The value of the zero-detuned Rabi frequency and anomalous Rabi frequency at
Dirac point in monolayer graphene is 102 and 103 times larger than that of bilayer

graphene, respectively.

So far we have discussed the phenomenon of Rabi oscillations in monolayer and
bilayer graphene deposited on a substrate, for example hexagonal boron nitride.
The substrate-graphene interaction is responsible for opening of a gap, around
53 meV [198], in the electronic spectrum of these graphene systems. There are
known substrates such as Ni that open a negligible gap [199, 200] or no gap [196]
in the electronic spectrum. Experimenters [69, 188, 197, 201, 202] observed a gap
of 260 meV in the band spectrum of epitaxial graphene on SiC substrate due to
graphene-substrate interaction. A density functional theory (DFT) calculation
confirmed substrate-induced symmetry breaking [203]. Their results showed a gap
in the band spectra of graphene of about 200 meV, which is in agreement with
recent experimental observations. Varykhalov et al. [196] has studied the photoe-
mission spectrum of a single graphene sheet grown on N7 and Co substrate, and
demonstrated the absence of a band gap at the Dirac point. They have shown that
the effects that usually open a gap at the Dirac point may also have the adverse
effect of closing it in such situations. The gap opening is also dependent on the

distance between substrate and graphene sheet. So according to aforementioned
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literature on opening of gap in the electronic spectrum of graphene systems, the
value of the gap parameter depends on the nature of substrate chosen. When there
is no gap, the anomalous and conventional Rabi oscillations in these graphene sys-
tems correspond to that of gapless graphene systems, and the current density will
lose its threshold behaviour for the vanishingly small applied fields. Depending
upon the type of substrate, therefore, the gap parameter may increase, decrease or
vanish altogether. Therefore, our results still valid even in these unusual situations

with an appropriate choice of the gap parameters.

3.3 Summary and conclusions

This section summarizes the results obtained in this chapter and their conclu-
sions. In preceding chapter, we discussed the phenomenon of Rabi oscillations
in suspended bilayer graphene whereas, the present chapter describes the same
phenomenon in these systems in presence of asymmetry. In other words we can
say that this chapter is fully devoted to the study of ROs in supported graphene
systems. The natural question arises that what are the similarities and the dif-
ferences between the results obtained in these systems with or without including

asymmetry. This issue is also addressed very well in this section.

We have studied the effect of intra- and inter-layer asymmetries on ROs in graphene-
based systems (monolayer and bilayer). In monolayer graphene only intra-layer
asymmetry is possible. Bilayer graphene possesses two kinds of asymmetries-
intra- and inter-layer asymmetries. The intra-layer asymmetry in monolayer and
bilayer graphene comes either from the graphene-substrate interaction or by simply
applying an electric field perpendicular to plane of the graphene sheets. The intra-
layer asymmetry has a dramatic effect on (anomalous) ROs far from resonance in
monolayer graphene whereas, (conventional) ROs near resonance are nearly inde-
pendent of asymmetry parameter. In presence of asymmetry, monolayer graphene
show Rabi-like oscillations in off resonance even for vanishingly small applied elec-
tromagnetic fields- a feature absent in symmetric monolayer graphene. We called
these oscillations ‘offset’ oscillations. The frequency of offset oscillations is identi-
fied with the asymmetry parameter. The offset oscillations are observable only for
weak applied fields. For strong applied fields, the anomalous Rabi frequency tends
towards to that without asymmetry. The induced current exhibits the threshold

behaviour even for vanishingly small applied fields. Asymmetry does not change
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the value of exponent at threshold but changes the value of the threshold frequency.
In presence of asymmetry, the value of the threshold frequency is increased by the

asymmetry parameter.

A similar study is also done in case of bilayer graphene. In bilayer graphene,
there are two kinds of asymmetry- intra- and inter-layer asymmetry. The effect of
intra-layer asymmetry on Rabi oscillations in graphene bilayer has a similar effect
as in monolayer graphene, only the difference is in the strength of the asymmetry
parameter. The inter-layer asymmetry has an even more dramatic effect on Rabi
oscillations in bilayer graphene. In presence of inter-layer asymmetry, anomalous
Rabi frequency goes through a non-trivial minimum- a feature absent in asym-
metric monolayer and intra-layer asymmetric bilayer graphene. Rabi oscillations
in monolayer and bilayer graphene at extreme non-resonance are significantly af-
fected by asymmetry, and is easily observable for weak applied fields. Usually,
different substrates open gaps in the band structure whose size depends on the
nature of the substrate-graphene interaction and also on type of substrate cho-
sen. Our work is able to probe this aspect also through the phenomenon of Rabi

oscillations.

The work presented in this chapter has been taken from Ref.[204]
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Chapter 4

Band Structure Effects on AROs

in Graphene Systems

In previous chapters, we have discussed AROs in symmetric and asymmetric
graphene systems (single and bilayer graphene) mainly in off resonance. In the
discussion of ROs in bilayer graphene, so far, we have considered an indirect hop-
ping Al to B2 between the layers on to different sublattice sites. This indirect

hopping between two layers is shown in Fig. 4.1 by red arrow. Besides this in-
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FIGURE 4.1: Left: Bilayer graphene crystal structure showing the intra-layer
nearest neighbor hoping in top and bottom layer marked by red arrows. Black
dashed arrows show direct inter-layer hoping, =1, hoping between dimer sites.
Solid black arrow shows indirect inter-layer hoping, 3. Right: Band structure
of bilayer graphene with (solid curves) and without (dashed curves) trigonal
warping in the direction where ¢, = 0. In presence of trigonal warping, a
second non-trivial zero minimum appears far from the Dirac point.

direct inter-layer hopping from Al to B2 between two layers, there is one more
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possible way to do the hopping from Al to B2 between two layers that includes
direct hopping from Al to B2 as shown by hopping parameter 73 (black arrow) in
Fig. 4.1. This direct hopping from Al to B2 has a remarkable effect on the band
structure of bilayer graphene at very low energy. It leads to Lifshitz transitions:
[16, 66, 205, 206] the iso-energetic lines are broken into four pockets, which can
be referred to as one “central” and three “leg” parts [16, 77-80]. This transition
takes place when e ~ €7, = y1v2/(4v), where v3/v = 0.1 [16]. The band structure
of bilayer graphene when trigonal warping (3) is taken into account is shown in
Fig. 4.1.

In the above discussion, even in previous chapters, bilayer graphene is considered
in a perfect Bernal stacking which is an ideal situation. This stacking is very
difficult to find in practical life. In practical bilayer graphene samples (especially,
those produced by epitaxy), these two graphene layers are not exactly AB but,
there is a relative twist between the layers. Twisting, also called stacking defect, is
obviously absent in monolayer graphene. The low-energy band structure of twisted
bilayer graphene is drastically different from the AB-stacked bilayer and possesses
intriguing electronic properties. Unlike biased AB stacked bilayer graphene [17], a
potential difference between the twisted layers does not open a gap in the energy

spectrum. Rather, this potential difference between the layers gives rise to a
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FIGURE 4.2: Schematic diagrams of band structure of twisted BLG. Left: for
qg = K+ %. Right: ¢ = K — %. In the presence of twist, the Dirac
point splits up into two Dirac points and shift by :tATK. For plotting purposes,
we have taken the parameters: vp|AK| = 1.56 eV, twist angle § = 10° and

t) =0.22€V.

vertical shift in the energies at the degeneracy points [207]. The electronic band
structure of twisted graphene bilayer has also been confirmed experimentally [208—

210]. We wish to investigate what effect twisting has on a property we have been
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stressing is unique to graphene-based systems, i.e. anomalous Rabi oscillations

(AROs). The band structure of twisted bilayer graphene is given in Fig. 4.2.

4.1 Effect of trigonal warping on ROs

In this section, we describe the phenomenon of ROs in bilayer graphene when a
weak direct inter-layer hopping, 73, is taken into account. The effective low-energy
Hamiltonian of bilayer graphene when trigonal warping is taken into account [16],

can be written as follows

v 0 (n)? . 0 =
4 2m<<w>2 0 )”(ﬂ 0) Y

with the energy eigenvalues Ey(p) = £|vspy — %], =+ corresponds to conduction
and valance band respectively, where py = p, & ip,. These energy eigenvalues
are pictorially shown in Fig. 4.1. The first term in Hamiltonian Eq. (4.1) gives
the indirect hopping from Al to B2 that includes three hops between the atomic
sites: an intra-layer hop A1-B1, followed by an inter-layer hop B1-A2 via dimer
site, followed by an intra-layer hop A2-B2. The second term in Hamiltonian Eq.
(4.1) describes a weak direct inter-layer hopping A1-B2, parameterized by 73 and
73 < 7o- Since the Hamiltonian Eq. (4.1) describes the effective hopping between
the non-dimer sites, A1-B2, i. e. between those atomic sites that do not lie
directly above and below each other, therefore, the corresponding wave function
of Hamiltonian Eq. (4.1) will be, ¥ = (¢a1,%p2). The weak direct inter-layer
hopping parameter 3 has a dramatic effect on energy momentum dispersion of
bilayer graphene. Similar to bulk graphite [79, 211], the effect of coupling =3 is to
produce trigonal warping that deforms the iso-energetic lines along the direction
¢ = ¢o, following Fig.2 in Ref.[16]. At very low energies |e] < vi(vs/v)?, the
trigonal warping effect is striking. It leads to Lifshitz transitions: the iso-energetic
line breaks into four pockets, which is referred to as one ‘central’ and three ‘leg’
parts [16, 17, 79]. The central part and leg parts have minimum at p = 0 and at
|p| = 2muws3, angle ¢q, respectively. In the continuum limit, the Hamiltonian Eq.

(4.1) in the K valley may be written as,

H = Z @D;]:IQ’@Z}E (4.2)
k
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where H, is given by Eq. (4.1). The eigenstates of the Hamiltonian Eq. (4.1)
in momentum space will be of the form ¢ = (cAl(E, t) cpa(k, t)) An in-plane
electric field is applied to the bilayer graphene through a vector potential of the
form A(t) = A(0)e ™! where A(0) = ¢ (A.(0) +iA,(0)). This vector potential

couples to BLG through the minimal coupling prescription k—k— %/Y In second

quantization, the Hamiltonian Eq. (4.2) reads,

H= _% (k- — 47(0)2 el (., t)e(F. 1) + hec
+os 3 [(k;+ —A®) (k1) epalk,t) + h.c.} (4.3)

where ¢ and ¢ are the annihilation and creation operators on two sublattice sites
Al and B2. The Hamiltonian Eq. (4.3) is valid only in semiclassical approximation
where light is treated classically but the electronic degrees of freedom are quantum

in nature.

The reason why we are interested in studying the same phenomenon in trigonally
warped bilayer graphene, even when this phenomenon has already been discussed
in bilayer graphene without trigonal warping effect. The main reason is the change
in the low-energy Hamiltonian in presence of trigonal warping that changes the
band structure drastically. Therefore, it is worthwhile to study the phenomenon
of ROs in bilayer graphene, when weak direct inter-layer hopping is taken into ac-
count, even when this phenomenon has already been discussed in bilayer graphene
without trigonal warping effect. To do so, we follow a strategy similar to described
in previous chapters. First, we derive the Bloch equations and then these equations
will be solved in conventional and in off resonance cases. To solve these equations
in both the aforementioned cases, we apply a method which has already been
used to solve the Bloch equations in single and bilayer graphene without trigonal
warping effect. Therefore, briefly indicate the method of solution and the inter-
pretations of the results obtained. Hence, we first will discuss the effect of trigonal
warping on conventional Rabi oscillations and later treat the same phenomenon

in off resonance case.

Bloch equations of trigonally warped bilayer graphene: Here, we derive the Bloch
equations of bilayer graphene when trigonal warping effect is taken into account.

Using Heisenberg’s equation of motion and Hamiltonian Eq. (4.3), we may write
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the Bloch equations of trigonally warped bilayer graphene as follows

. 1 . -
iOmaips (k,8) = —— [(k_ — A%(0) €)? p(F, t) — h.c.]

+ vy [(k+ — A(0) e=) p(F 1) — h.c.] (4.4)

where,

— — -

naips (k. 1) = (chy (ks t) ean(k, 1) — (cha (K, 1) epa(k, 1))
p(k,t) = (e (K, t) ea(k,t)), ki =k, £ ik,
Equations (4.4) and (4.5) are the coherent optical Bloch equations of bilayer

graphene when trigonal warping is taken into account.

Now, we move on to discuss the solution of these equations in the different re-
gions of interest. We first solve the Bloch equations in the conventional resonance
case, when the frequency w of the externally applied field is nearly equal to the
particle-hole creation frequency. Later on, the Bloch equations are solved in the
off resonance case where the external frequency w is very large compared to all

other frequencies.

Solution of Bloch equations in conventional resonance case: Here, Bloch equations
(4.4) and (4.5) are solved in conventional case when nw is nearly equal to the inter-
band transition frequency of the system, where n defines the order of harmonic
resonances. We adopt the well known RWA in order to solve the Bloch equations in
conventional resonance case. In bilayer graphene, there are two possible resonances
- single harmonic resonance occurs at the first harmonic in external frequency i.e.
when n = 1 and a second resonance that occurs due to the frequency doubling
effect i.e. when n = 2. Bloch equations are solved in the resonance case by
using the rotating wave approximation [150-152] well-known in the context of two
level atomic systems in quantum optics. Mishchenko [175] has already studied
the phenomenon of Rabi oscillations in single layer graphene, for small detuning ¢
which is the difference between the external driving frequency, and the inter-band
transition frequency of the system. For small detuning, the conventional Rabi

frequency at the single and double (w and 2w) harmonic resonance are given by
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respectively,

1
2|k|2 2 : _ 2 2

N

Q, = |6+ (4.6)
where 0 = nw — 2F), and n = 1,2 for the first and second harmonic resonance,
respectively. wgr; = wv3|A(0)], which is analogous to wg in case of single layer
graphene only the difference is that vg replaced by vy and wge = %. The
above formulae have the following explanation: €2, in Eq. (4.6) contains an addi-
tional factor of wg; in comparison to bilayer graphene without trigonal warping,
see Eq. (2.16) in chapter 2. This term is solely due to the weak direct inter-
layer hopping parameter 3. This means, the conventional Rabi frequency at first
harmonic resonance is increased by a factor of wg; in presence of trigonal warp-
ing in bilayer graphene. On the other hand, €, in Eq. (4.6) has no terms that
contains wg; which means trigonal warping does not affect the conventional Rabi
frequency at second harmonic resonance. Therefore, in the conventional resonance
case, trigonal warping affects only the conventional Rabi frequency at first har-
monic resonance while conventional Rabi frequency at second harmonic resonance
remains unaffected. This is the direct consequence of the effect of trigonal warping
on band structure. In Hamiltonian Eq. (4.3), the second term (trigonal warping
term) contains only the first harmonics in the external deriving frequency. This
shows that the trigonal warping affects the conventional Rabi frequency only at
the first harmonic resonance while conventional Rabi frequency at the second har-
monic resonance is not affected by the presence of trigonal term. Therefore, we can
conclude that the trigonal warping affects the conventional Rabi frequency only
at the first harmonic resonance while conventional Rabi frequency at the second

harmonic resonance is not affected by the trigonal warping term.

Solution of Bloch equations in off resonance case: As usual, here also, we solve
the Bloch equations of bilayer graphene in off resonance. The method of solving
the Bloch equations in off resonance case has been described in earlier chapters
hence we merely describe the results obtained and their interpretations. To solve
the Bloch equations in off resonance case, we employ an approximation called the
asymptotic rotating wave approximation (ARWA) described in earlier chapters,
the results of which is corroborated with a fully numerical solution of the Bloch
equations. To this end, we decompose ndiff(lz, t) and p(E, t) into slow and fast
terms as usual. Using this ansatz into the Bloch equations and comparing the

same exponential power in the external frequency from both sides, we may easily
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separate the slow and fast varying population and polarization equations. In
this analysis, we have neglected the terms containing higher harmonics than that
present in the Hamiltonian of the system. Finally, we assumed that the frequency
w of the external field is the largest frequency. Using these simplifications, we may

write the solutions of the fast varying population and polarization equations as,

C AW 20A0) L AQP
nfl(kat) - Wps(kat) Tps(k7t>7 an(]{?,t) - M ps(k7t>
L RLA I O
p1+(k7t) = oo ns(k7t>7 pl—i—(k’t) = w ns(k7t)
. k2 (A*(0))*  5wsk_(A*(0))2 4 v2(A*(0))? , -
p2+(k7t) 5 ( +8m2w2 - ’ 4751&)2( >> )ps(k7t> i %ps(k%t)
E —A%(0) -
p2+(k7t) - W ns<k7 t)

The slow varying part of population and polarization equations comes out to be,
— 1 — — — —
0 (1) = —— [K2 p(R.t) = K2 pl (K, 0)| 4205 [y po(F 1) — e pi(R,0)] (47)
m

—

. - k2 -
i0ips(k,t) = — <ﬁ — ng’_) ns(k,t) — wria ps(k,t) (4.8)

2 4|k|? Qw2 A(0)[?
Wiy = (wm n |k Pwre _ WR1)  whp = |A(0)]
w mw 2m

wr1 = v3]A(0)], is the zero detuned Rabi frequency of the trigonal warping term
which is similar to that of the single layer graphene, and wgo is the zero de-
tuned conventional Rabi frequency of bilayer graphene without trigonal warp-
ing. Equations (4.7) and Eq.(4.8) may be solved by assuming that nS(E, t) =
ns(k,0)Cos(2Qt) and n,(k,0) = 251’“2, is the equilibrium value of population that

T w

2
can be determined in mean field approximation. Ej = |§—7j1 — vzk_|, is the energy
eigenvalue of the Hamiltonian Eq. (4.1). Using this simplification, we may write

the solution of the slow part of polarization equation as,

—

po(t) = pol) {cos@m) L

Sin(ZQt)]
WR12

Qapwa =20 =2

27 1/2 2 2 2
w w 4|kl*w 2w

2 ( R12)] 7 1o ( R2 |k *wro m)
4 w mw w

-

where po(k) = Ey/ (% — 2vgk+) is the equilibrium value of polarization. Q4zw a
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is the generalized anomalous Rabi frequency (ARF) for bilayer graphene in the off

resonance case when trigonal warping effect is taken into account.

Moreover, there is a special situation at the Dirac point, k= 0, of the Brillouin
zone where the Bloch equations may be solved easily by the above process. The

ARF at the Dirac point is given by,

2 2
w 2w
R2 R1
Q ARF = |— — (49)
w w
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FIGURE 4.3: Schematic of  the variation of  dimension-

less ARF ¢ (: 10°QarF /w) versus a  dimensionless  quantity
n(=10°X and X = wpy/w?). Bilayer graphene without TW effect (black
dashed curve) shows a zero trivial minimum at a zero value of the applied field
whereas, when the TW effect is taken into account, it shows a zero non-trivial
minimum (solid green curve). This zero non-trivial minimum occurs at a
strength of the field that corresponds to a value of the momentum where the
‘leg pocket’ of the Fermi surface develops, and thereafter varies linearly with
the square of the intensity of the applied field consistent with bilayer graphene
without TW effect.

The above ARF has following explanation: if we ignore the trigonal warping effect,
(set the parameter v ~ 0), the first term in Eq. (4.9) is present, but the second
term is zero since wg; = v3|A(0)|. That yields the anomalous Rabi frequency
of bilayer graphene without trigonal warping, at the Dirac point of the Brillouin
zone. The second term in Eq. (4.9) is purely due to trigonal warping, and this term
has an analogy with the zero detuned conventional Rabi frequency of single layer

graphene with some minor differences. The single layer graphene Hamiltonian [92]
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and the second term in the Hamiltonian Eq.(4.1) are nearly identical, the only
difference [16, 18] being that in single layer graphene vy ~ 10° m/s whereas in

bilayer graphene vz ~ 9.7 x 10 m/s.

It is clear from Fig. 4.3 that the ARF varies linearly with a dimensionless quantity
X (~ square of intensity) and exhibits a zero trivial minimum (black dashed curve)
whereas it shows a zero non-trivial minimum (solid green curve) when trigonal
warping effect has been taken into account. The zero non-trivial minimum occurs
at a value of the intensity that corresponds to a value of the momentum where the
‘leg pocket’ of the Fermi surface develops, described in the pioneering work of E.
McCann et al. [16, 17]. A realistic value of X is 1.4 x 1077 at an applied external
field Eer = 250 KV/cm for a frequency of the applied field, w = 67 x 10 rad/s.
It can be seen that the trigonal warping effect is significant only for weak applied
electric fields. For a weak applied field, ARF of bilayer graphene with trigonal
warping is similar to that of single layer graphene. As the strength of the applied
field increases, the behaviour of ARF tends towards the bilayer graphene without
trigonal warping and varies linearly with the square of the intensity. This transition

occurs where the ‘leg pocket’ of the Fermi surface develops.

So far we have discussed the effect of trigonal warping on ROs in bilayer graphene
when trigonal warping is taken into account while we have neglected the effect
of on-site asymmetry. This asymmetry may be caused by the substrate-graphene
interaction or it may be due to an applied field perpendicular to the graphene
sheet. The effect of asymmetry on AROs, when trigonal warping is not taken into
account, is well described in chapter 3. When asymmetry is taken into account,
the Hamiltonian Eq. (4.1) has to be modified by the inclusion of an additional
term o, A. This term is responsible for opening a gap at the Dirac point in the
electronic spectrum of graphene bilayer. Now the Hamiltonian Eq. (4.1) has three
terms- the first term which describes the parabolic dispersion at the Dirac points
of the Brillouin zone, the second term describes the trigonal warping effect and the
third term which is proportional to o, describes the on-site asymmetry. Using the
modified Hamiltonian (that includes on-site asymmetry) we re-derive the Bloch
equations and solve these equations far from resonance by a process similar to the
one already discussed. We then obtain the following expression for the anomalous

Rabi frequency at the Dirac point,

2 2 2
Qihr =1 28 + % - —C:)Rl | (4.10)
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Equation (4.10) gives the effective ARF at Dirac point in graphene bilayer when

both trigonal warping and on-site asymmetry have been taken into account. It is

clear from Eq. (4.10) that graphene bilayer exhibits Rabi-like oscillations (offset

oscillations) even for applied field strengths less than the gap parameter. As the

strength of the applied field increases, the ARF smoothly decreases to a zero
asy

minimum value. This minimum occurs when Q5 = 0. The phenomenon of

offset oscillation is pictorially shown in Fig. 4.4.
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FIGURE 4.4: Schematic of the variation of dimensionless ARF £ versus a dimen-
sionless quantity 7, in presence of on-site asymmetry. Bilayer graphene without
any effect (black dashed curve) and with the trigonal warping and asymmetry
effect (solid green curve). Without any effect ARF shows a zero trivial minimum
at the origin. When on-site asymmetry is also taken into account, the ARF ex-
hibits Rabi-like oscillations (inset) even for applied field strengths less than the
gap parameter. For clarity, we have chosen a large value of gap parameter. The
realistic value of the offset frequency is related to the gap parameter through
the relation 2A /hw = 0.24.

Similar to bilayer graphene without trigonal warping effect, here, we have also
calculated the experimentally measurable and gauge invariant quantity current
density when trigonal warping effect is taken into account in bilayer graphene.
To calculate the current density, we apply a usual method described in previous
chapters. The expression of current density for the bilayer graphene with trigonal
warping may be derived using the continuity equation V - J| (7, t) = —0yp(7,t) and
quantum kinetic equation ihd;p(7,t) = [p(7,t), H] along with the Hamiltonian Eq.
(4.3). The real part of the current density, in momentum space, is given by (the

average current is independent of position)

< Re (1)) >= —ﬁ (= A ) p(F, 1) + 23 p(F, 1)+ c.o. (411)
i k
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Inserting p(k,t) into Eq. (4.11), writing ki = |k|e*™, and upon integration over
0 all terms drop out except the one that oscillates with the frequency of the
external field. Performing a Fourier transform of this and integrating over |k|, we

obtain a closed formula for the current density in the frequency domain,
s / ! 1 2 2
(w)~alw — " (why — 2wiy) (4.12)

where w' > (w?%, — 2w%,) /w and (J(w')) = 0 otherwise. Eq. (4.12) is valid only

w2, —2w?
near the threshold, w' ~ ~f2—f

in Ref.[16]. Close to the threshold, the induced current exhibits linear behaviour

, evaluated using Fj < wgi2/2 and vz < v as

in the frequency w’ measured from the threshold. The exponent at the threshold
is equal to unity unlike the single layer graphene where this exponent has been

computed [184] to be equal to 1/2. The current density at the first and second
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FIGURE 4.5: Schematic of the variation of the slow part of the current density
in bilayer graphene in the frequency domain, in the extreme-non resonance
case, without (black dashed curve) and with TW (solid green curve). Black
dashed curve is plotted at a fixed value of wry = 1 and w = 10 (in arbitrary
units). Solid green curve is plotted by fixing the value of the ratio (realistic)
wre/wrr = 0.36, w = 10 and wr; = 1 (in arbitrary units). The frequency
threshold with TW shows a shift towards a smaller value of the threshold and
this shift is prominent for weak applied fields. The threshold frequencies of solid
green and black dashed curve are (W%m — 2&%1) /w and w%z Jw, respectively, and
the exponent at threshold is equal to unity in both cases.

harmonic resonance in frequency domain, respectively, given by,

A, wA(0)

N A, (A0)* 1
647 /02 — (2wwps + W)

1672m 16A*(0) le — W%Z

Ja(@)e v Ja(@)]ow &
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The current density in time domain in resonance and off resonance case can be

written as follows,
2 502
_i(“m f“Rl )t
a e

Ja(t)|arwa =~

_ 4.13
27 t2 (4.13)
, Cos(2t) — Sin(Q t) Cos(wpga t) — Sin(wgs t)
(O] ~ L) Rwaze ~
jx( )| 6 \/E J ( )‘RWA,Q Y \/T_f
(4.14)
A, wA(0) 1
=___"T 0O=./92 2
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FIGURE 4.6: Shows the variation of the slow part of the current density in the
time domain, in the extreme non-resonance case. Black dashed and solid green
corresponds to, respectively, without and with TW. The frequency of oscillation
of the current density with TW is increased relative to without TW. The current
density in off resonance case shows a power law decay of the form ¢ 2.

Figures 4.5, 4.6 and 4.7 have been plotted keeping in mind that the values of
wr1 and wge are such that the ratio (realistic) wpro/wr1 = 0.36 is fixed, wg = 1
and w = 10, in arbitrary units. However, the realistic values of w and wg; are
67 x 10 rad/sec and 1.96 x 10'2 rad/sec, respectively, and the corresponding
value of applied field is, £ = 250 kV/cm. Therefore, it is clear that TW effect
plays a major role only for weak fields. If the value of the applied field is increased,

the threshold behaviour of bilayer graphene with TW tends towards the threshold
behaviour of the bilayer graphene without TW, as can be seen from Fig. 4.5,
and this occurs at a very high value of the applied electric field, approximately
1375 kEV/em.  Equation (4.14) reveal that the slow part of current density in

both the resonance cases exhibit a different threshold behaviour, one is at the
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FIGURE 4.7: Shows the variation of the slow part of the current density in

the time domain, in the near resonance case. Black dashed and solid green

corresponds to without and with TW at the first harmonic resonance whereas,

blue dot dashed corresponds to the second harmonic resonance. The threshold

frequencies at first and second harmonic resonance are (2wwprs + w%l)l/ 2 and

wga, respectively. The current density in both the resonance cases shows a
power law decay of the form ¢—1/2.

first harmonic resonance and another one at second harmonic resonance in the
external frequency. The corresponding frequencies are (2wwgs + w%,)Y? and wpo,
respectively. The threshold behaviour of current density at the second harmonic
resonance is not affected by trigonal warping, it is clear from the second term of
Eq. (4.6) and also from the Hamiltonian Eq. (4.3). The frequency of oscillations of
the current density at first harmonic resonance is enhanced, and this increment is
equal to the square of the zero detuned Rabi frequency due to the trigonal warping
effect. The current density in both the resonance cases shows a power law decay
of the form #~!/2 while, for off resonance case it is of the form ¢t=2 as Eqs. (4.13)
and (4.14) reveals. The power law behaviour of the current density is not affected
by trigonal warping i. e. the current density has the same power law decay in the

bilayer graphene, either with or without trigonal warping.

So far, we have discussed the analytical solution of Bloch equations in different
regions of interest. Our main motivation is to investigate the behaviour of induced
current in the off resonance case, which is proportional to the inter-layer polariza-
tion in presence of an intense applied pump field. The induced current exhibits
threshold behaviour in the frequency domain, and the corresponding threshold
frequency may be identified with the ARF of the system. We have justified our
predictions numerically by solving the Bloch equations. We have used the ND-

Solve routine of Mathematica to solve the Bloch equations and generate the plot
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of polarization versus time, Figs 4.8 and 4.9. The frequency obtained from the
fully analytical method is consistent with the frequency inferred from the fully

numerical solution of the Bloch equations.
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FIGURE 4.8: Schematic of the numerical plot of polarization p(E, t) versus time
(t) far from resonance. It shows slow as well as rapidly varying oscillations. The
frequency of oscillation of the slow part of the polarization exactly matches the
analytically calculated anomalous Rabi frequency. To generate the plot we have

taken the parameters jf =v3k_ =0, \(ﬁ =10, v3A4(0) = 300 and w = 2000.
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FIGURE 4.9: Schematic of the numerical plot of polarization p(E, t) versus time
(t) at resonance. In this case, our numerical result favours the analytical result,

as well. For plotting purposes, we have chosen % = /b0, vsk_ = 100,
29 =1, v3A(0) = 1 and w = 100.

Similar trigonal warping effect is also found in case of single layer graphene in

presence of Rashba spin orbit interaction. Bilayer graphene with weak direct
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inter-layer hopping 5 is similar to that of single layer graphene with Rashba spin
orbit interaction. Therefore, we wish to remark that the results obtained above
in bilayer graphene with the trigonal warping effect and that found in single layer
graphene with Rashba spin-orbit interaction are quite similar to one another. The
Hamiltonian of the single layer graphene when Rashba spin-orbit [111, 114, 212,

213] interaction is taken into account may be written as,

0 1)F7TT 0 —UN\TT
0 3iA 0
g—| vrT AR (4.15)
0 —3iAg O vpmt
—uy7rl 0 VET 0

where vp = 3v0d/(2h), vy = 3Ard/(2h) with vy < wvp as in given in Ref.[213],
T = p, +ip, and 7' = p, — ip, with d being the nearest neighbor distance.
Also, Ag represents the strength of spin-orbit coupling which may be due to a

perpendicularly applied electric field or due to a graphene-substrate interaction.

The bilayer graphene Hamiltonian including weak direct inter-layer hopping 3
(trigonal warping effect) [16] near the center of the K valley in a basis correspond-

ing to the atomic wave function ¥ = (41, % g2, Y2, ¥p1) will be of the form;

0 wyr 0 onf
0 0
o T ' (4.16)
0 worf 0 "1

s 0 »n O

The Hamiltonian in Eq. (4.15) has the same components as the Hamiltonian in Eq.
(4.16) (apart from some relabeling). This result is remarkable since these systems
are completely different. The matrix elements Hi4 and Hyq, in Hamiltonian Eq.
(4.15), are very small in comparison to the matrix elements that are proportional
to vp. These terms are responsible for the trigonal warping of the bands at low
energy that changes the topology of the bands close to the Dirac points [213]. The
energy momentum dispersion of both systems - single layer graphene with Rashba
spin-orbit interaction and bilayer graphene with trigonal warping effect - is quite
similar to one another. For a comparison of band diagram of both the systems we
refer to Fig. 1(a) and 1(c) in Ref.[213] and Fig. 7(b) and 7(c) in Ref.[17].
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Thus the results (ARO and conventional Rabi oscillations) that are obtained in
case of BLG with trigonal warping will also be found in SLG with Rashba spin-

orbit interaction.

Therefore, we can conclude that the anomalous Rabi frequency (ARF) is dramat-
ically affected by trigonal warping since the ARF goes through a zero non-trivial
minimum as a function of the applied field. This zero non-trivial minimum occurs
at a strength of the applied field that corresponds to a situation where energy
bands undergo trigonal warping. This happens at a value of the band momentum
where the ‘leg pockets’ of the Fermi surface develop. Trigonal warping has a signif-
icant effect only for weak applied fields. When on-site asymmetry is also taken into
account, graphene bilayer exhibits Rabi-like oscillations even for the field strengths
less than the gap parameter. We call this ARF ‘offset’ frequency and is observ-
able only for the weak applied fields. For strong applied field strengths, all the
effects (trigonal warping and on-site asymmetry) go away and the system behaves
like a bilayer graphene without any effect. Moreover, the threshold behaviour of
the induced current in the off resonance case and in the first harmonic resonance
case are significantly changed by trigonal warping whereas trigonal warping has
no effect on the induced current or on the conventional Rabi frequency near the

second harmonic resonance.

4.2 Effect of twisting on ROs in bilayer graphene

The previous chapters and the preceding section in this chapter are dealt with the
phenomenon of ROs in perfect AB-stacked bilayer graphene (BLG). This section
describes the same phenomenon, when relative twist between the layers is taken
into account. Twisting, also called stacking defect, is unique to graphene with
two or more layers. Twisted BLG shows quite different electronic properties than
perfectly AB-stacked BLG, as we have already mentioned. We show that the ARF
strongly depends on twist angle, and this dependence is most prominent for weak
applied fields. The effective low-energy two component Hamiltonian of twisted
BLG [207, 214, 215] can be written as follows,

2
AK_
eff QU% 0 k%—< 2 )

2, twist T 2
’ 15¢ AK
5t k-Zl-_ < +) 0

(4.17)

2
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where ky = k, +ik,, AKy = AK, £1AK,, vp and t, is the Fermi velocity
of the carriers and inter-layer coupling, respectively. AK, and AK, define the
relative shift between the corresponding Dirac points of the twisted BLG. Unlike
in untwisted BLG, the band minimum in twisted BLG splits up into two and show

a linear band spectrum in the vicinity of these points. Expanding Hamiltonian

Eq. (4.17) near M;i by defining, ky = g+ + M;i, keeping terms up to quadratic

in ¢, Hamiltonian Eq. (4.17) reduces to the following form

. 202 0 @+ AK_
HQ,J;{uist =——= 9 (4'18)
15tJ_ q+ + Q+AK+ 0

Using Hamiltonian Eq. (4.18) and following the same process as described in
earlier chapters, we can find anomalous Rabi frequency in off resonance case as

given below

2 2 2 2
Lea%OFF 4 20%)(2q, A(0) + A(0)AK)[2)
4

Qarwa =2\| B2 + ( (4.19)

where Ez(+) = +|¢®> + ¢_AK_| is the energy eigenvalue of the twisted BLG

(a)R/a))xlO5

FIGURE 4.10: This density plot shows dimensionless anomalous Rabi frequency

QArr/w versus wr/w and (= ha|AK|?/w) at the shifted Dirac point. It is

clear from figure that twisting is prominent for weak applied fields. The value

of hQarr for red, green and blue colours are 3.7 x 107 %eV/, 1.84 x 10~ %eV and
2.97 x 10~%eV, respectively, at a fixed value of £ = 1.5.

21)%
15t
Dirac points in twisted BLG. If twist AK = 0, we can get back the anomalous

and o = Eq. (4.19) gives the anomalous Rabi frequency near the shifted

Rabi frequency of bilayer graphene without twist. Exactly at the shifted Dirac
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point, the Eq. (4.19) reduces to, Qarr = % + QUJTROJ‘AKP]. The variation of
anomalous Rabi frequency at the shifted Dirac point with an external applied field
and with the twist angle is clearly shown in the density plot in Fig. 4.10. It is
seen that the anomalous Rabi frequency depends sensitively on the twist for weak

applied fields (small wg).

We have also solved the Bloch equations of twisted BLG in the resonant case. A
similar process is adopted to solve the Bloch equations as described earlier. The
conventional Rabi frequency near first and second harmonic resonance found to

be, respectively,

Q= VA +wr (g >+ a|AK_2 + aq, AK- + aq-AK)

ng = \/A2+w%

2 2
A =w—2E;, B =lag® + ag_AK_|, wg = a|A(0)]?, o = —=

154,

Similar to BLG, twisted BLG also shows harmonic resonances. Twist has effect

only on first harmonic resonance while second harmonic resonance is not affected
by twisting as we can see from Eq. (4.18). We just saw that the anomalous Rabi
frequency is greatly affected by the twist whereas conventional Rabi frequency is
less affected. This is because at resonance ¢ is not small rather it is given by
the condition 2|ag® + ag_ AK_| = w. Thus we see that while the anomalous
Rabi frequency with twist is o< wg for small fields and o w% without twist, the
conventional Rabi frequency continues to have the form o \/(..) + wg(..) both

with and without twist.

Lastly, we examine the effect of a small voltage between layers. The low-energy
electronic spectrum of twisted BLG in presence of a small bias (voltage) (V <
vr|AK]) between the layers has already been discussed by Lopes et al. [207].
They find that the system continues to be gapless and the dispersion is linear with
the same Fermi velocity as twisted bilayer without bias, but the Dirac points shift
vertically by ~ £V/3.

Thus our predictions for the anomalous Rabi frequency in this case are unchanged.
A comparison between the various parameters in single layer, bilayer and twisted

bilayer graphene has been given in the following table:
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Energy Unit(eV)
SLG BLG TBLG
hw%/w 14x107* [ 1.78 x 1077 | 8.8 x 10°®
hwgr 1.3 x 1072 [ 4.69 x 107* | 1.05 x 1074
hQArr 28 x107% | 1.78 x 1077 | 5.02 x 10~°
h(ha|AKT) - 0 2.9
hw 1.24 1.24 1.24

TABLE 4.1: This table contains realistic values of various energy scales in mono-

layer, bilayer and twisted BLG. The numerical values of all parameters are de-

termined at a fixed value of external frequency, w = 67 x 10'4rad/sec and an
applied electric field, |E| = 250kV/cm.

4.3 Summary and conclusions

This section includes a summary and conclusions of the present chapter. In pre-
vious chapters, we have studied the phenomenon of ROs in perfect AB-stacked
bilayer graphene. This indirect inter-layer hopping includes a direct inter-layer
hopping 7. In this discussion, we have not considered any direct inter-layer hop-
ping between the layers of perfect AB-stacked bilayer graphene. In this chapter,
we have taken into account a weak direct inter-layer hopping 73 between the layers
and studied the phenomenon of ROs in bilayer graphene. This weak direct inter-
layer hopping produces trigonal warping of bands at very low-energy in the band
structure of the bilayer graphene. The behaviour of bilayer graphene with trigonal
warping is intermediate to those of single layer graphene and bilayer graphene.
The present chapter also describes the phenomenon of ROs if the two layers in
bilayer graphene are not in perfect AB-stacking. In other words, the effect of a
relative twist between layers on Rabi oscillations is studied in this chapter. This

twisting is sometimes also known as a stacking defect.

In this chapter, first, we have described the effect of trigonal warping on ROs.
Off resonance ROs (anomalous ROs) are dramatically affected by the presence
of trigonal warping. Off resonance Rabi frequency as a function of intensity of
applied field exhibits a zero non-trivial minimum far from origin. This zero non-
trivial minimum appears solely due to the presence of a weak direct inter-layer
hopping ~3. This zero non-trivial minimum occurs at a strength of the applied

field that corresponds to a value of the momentum where the ‘leg pocket’ of the
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Fermi surface develops, and thereafter varies linearly with the square of the inten-
sity of the applied field consistent with bilayer graphene without trigonal warping
effect. It can be seen that the trigonal warping effect is significant only for weak
applied electric fields. For a weak applied field, ARF of bilayer graphene with
trigonal warping is similar to that of single layer graphene. As the strength of the
applied field increases, the behaviour of ARF tend towards the bilayer graphene
without trigonal warping and varies linearly with the square of the intensity. This
transition occurs where the ‘leg pocket’ of the Fermi surface develops. This ef-
fect is pictorially shown in Fig. 4.3. In presence of trigonal warping and on-site
asymmetry in each layer, bilayer graphene exhibits Rabi-like oscillations (offset
oscillations) even for applied field strengths less than the gap parameter. This
effect is same as in asymmetric bilayer graphene. In other words, we can say that
if the on-site asymmetry is present in the graphene systems, these systems neces-
sarily will show Rabi-like oscillations. For strong applied field strengths, all the
effects (trigonal warping and on-site asymmetry) go away and the system behaves
like an ideal bilayer graphene. The effect of asymmetry on off resonance ROs in
trigonally warped bilayer graphene is pictorially shown in Fig. 4.4. The trigonal
warping affects only the first harmonic conventional Rabi frequency whereas the
second harmonic conventional Rabi frequency is not affected by the trigonal warp-
ing. This is because the trigonal warping term depends only on the first harmonic
in the external driving frequency, as we can see from Eq. (4.6). Similar to the
discussion in other chapters, here also, we have determined the effect of trigonal
warping on experimentally measurable quantity current density. In presence of
trigonal warping, the frequency threshold in extreme non-resonance case shows a
shift towards a smaller value of the threshold and this shift is prominent for weak
applied fields. This is diagrammatically shown in Fig. 4.5. Even in presence of
trigonal warping effect the exponent at threshold is equal to unity. It means that
the presence of trigonal warping does not changes the exponent at threshold, it
changes only the frequency threshold, it is clear from Eq. (4.12). The frequency
of oscillations of current density, in time domain in off resonance and at the first
conventional harmonic resonance in presence of trigonal warping, is increased rel-
ative to without trigonal warping whereas the frequency of oscillations of current
density at second conventional harmonic resonance remains unaffected. This is
shown in Figs. 4.6 and 4.7. Equations (4.13) and (4.14) show that the off reso-
nance current density shows a power law decay of the form ¢t~2 whereas the current

density in the conventional resonance shows a power law decay of the form ¢=/2,
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respectively. The power law decay of current density with and without trigonal
warping is same in both cases. In other words, we can say that the effect of trigo-
nal warping does not affect the power law decay of current density. We have also
given a fully numerical solution of the Bloch equations that fully corroborates the
analytical findings. We have used the NDSolve routine of Mathematica to solve
the Bloch equations and generate the plot, Figs. 4.8 and 4.9, of polarization versus
time. The frequency obtained from the fully analytical method is consistent with

the frequency inferred from the fully numerical solution of the Bloch equations.

We have also studied the effect of twisting, also known as stacking defect, on ROs
in bilayer graphene. Twisting means, the two layers in bilayer graphene are not
exactly in AB-stacking but they are twisted by a small twist angle relative to
each other. In this study, it is found that the off resonance Rabi frequency is
significantly affected by the presence of a small relative twist between the layers.
This phenomenon is pictorially shown in Fig. 4.10. It is seen that the off resonance
Rabi frequency depends sensitively on twist only for weak applied fields (small wg).
The Bloch equations of twisted bilayer graphene are also solved in conventional
resonance case, and found that twist has effect only on first harmonic resonance
while second harmonic resonance is not affected by twisting. The form of formulae

of conventional Rabi frequencies remains same.

All the details of this chapter are taken from references [187, 216]
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Chapter 5

Phonon assisted damping of ROs

in Graphene Systems

The previous chapters describe the phenomenon of coherent ROs in graphene-
based systems. It is referred to as coherent because of absence of relaxation term
or energy dissipation. The optical properties of graphene-based systems are rich
and varied. Nevertheless, a basic question still remains unsolved: What is the
effect of electron-phonon interaction on these optical properties? Specifically, does
damping due to phonons make Rabi oscillations in general and anomalous Rabi

oscillations in particular, unobservable?

The electron-phonon interaction is one of the most important fundamental physical
problems in any new electronic material. The impact of electron-phonon coupling
on the ac conductivity of monolayer graphene is studied by Wright et al. [217]. It
is shown that electron-LO phonon interactions cause an increase in the absorption
of monolayer graphene of as much as 20% at room temperature. Resonance Raman
scattering (RRS) from metallic single-wall carbon nanotubes [218] and by inelas-
tic x-ray scattering from a graphite flake [219] revealed that the phonon modes
of certain symmetries in graphitic materials exhibit a frequency softening. This
frequency softening is attributed to Kohn anomalies in two-dimensional graphite
[220] and occurs when electrons at the Fermi surface screen the phonon mode
in a graphene sheet. Generally, electron-phonon scattering in graphene expected
to be weak due to very high phonon frequencies [221]. Phonon modes in bilayer
graphene are strongly affected by the presence of a potential difference between the

layers which is due to an applied electric field. In presence of potential difference
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between the layers symmetric and asymmetric phonon modes strongly mixed with
each other [222]. The performance of proposed graphene-based devices (electronic
and optical) depends on carrier and phonon scattering as well as relaxation dynam-
ics. The optical phonons in graphene-based systems can decay in two main ways.
First is that the optical phonons may be absorbed by electrons and holes. Second
is that optical phonons can decay into other phonons via anharmonic interactions
and lattice defects. The relaxation dynamics of hot optical phonons in few-layer
and multi-layer graphene films grown by epitaxy on silicon carbide substrates and
by chemical vapour deposition on nickel substrates is studied using ultra-fast opti-
cal spectroscopy, and it is shown that optical phonon cooling on short time scale is
independent of graphene growth technique, the number of layers, and the type of

the substrate [168]. Electron-phonon coupling is an important effect in monolayer

AIATAVAVAVATATINAY
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A(t) = A(0) e~ 9L

FIGURE 5.1: Left and right shows the transitions between the valence and the
conduction band in monolayer and bilayer graphene, respectively, induced by
externally applied electric field of frequency w.

as well as in bilayer graphene. Electron phonon interaction in monolayer graphene
exhibits interesting phenomena such as the Kohn anomalies [220], breakdown of
the adiabatic approximation (Born-Oppenheimer) [162], and renormalization of
the phonon energy [223] have been reported. In AB-stacked bilayer graphene, the
effect of electron-phonon interaction is expected to be more interesting where both
the band structure and the Fermi level can be tuned through the applied electrical
gates [35, 37, 61], allowing for the control of a delicate interplay between electrons,
phonons, and photons [34, 224, 225]. Inter-layer asymmetry qualitatively changes
the electron-phonon interaction in bilayer graphene absent in monolayer graphene
222].
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In this chapter, our main focus is the study of carrier relaxation dynamics on
optical response in bilayer as well as in monolayer graphene in presence of highly
oscillating electric field. Graphene-based systems exhibit novel quantum optical
phenomena under applied electromagnetic field. Mishchenko [175] determined the
ac conductivity in monolayer graphene by studying Rabi oscillations and revealed
that the induced current under strong applied field shows a saturation phenomenon
upon inclusion of relaxation dynamics. In his study the energy relaxation is intro-
duced in a phenomenological way and the calculation performed ‘near resonance’,
when the frequency of the external field is nearly equal to the electron-hole pair
excitation frequency, using the well-known rotating wave approximation (RWA)
[150, 151]. We have also studied Rabi oscillations in graphene-based systems ‘far
from resonance’, when the frequency of applied field is very large compared to
electron-hole pair excitation frequency, using a new approximation called ‘asymp-
totic’ rotating wave approximation [184, 187]. We successfully showed that Rabi
oscillations in graphene-based systems exhibit ‘anomalous’ behavior far from reso-
nance (off resonance). This chapter is devoted to the study of relaxation dynamics
in bilayer as well as in monolayer graphene, not by including the energy relaxation
in a phenomenological way, but by explicit calculation of electron-phonon scatter-
ing rate. In other words, we are interested in studying the phenomenon of carrier
relaxation in a clean bilayer sample by determining the behaviour of Rabi oscil-
lations in presence of electron-phonon interaction (optical, acoustic and flexural).
Energetic optically excited carriers are known as hot carriers. These carriers lose
their energy to lattice vibrations known as phonons resulting in a relaxation of
these carriers. The main conclusions of our findings is that the combination of
the constraints of energy and momentum conservation in phonon scattering in
the region of the Brillouin zone relevant to ARO means that there is a momen-
tum threshold for carrier phonon scattering. In other words, very long wavelength
anomalous Rabi oscillations remain undamped. This is in contrast to the situation
with conventional Rabi oscillations that occur at a wave number determined by
the resonance condition which is large enough that these oscillations become heav-
ily damped. This another indication that anomalous (rather than conventional)
Rabi oscillations are an ideal probe of the low energy band structure of graphene

based materials.
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5.1 Optical phonon damped ARQOs in graphene-

systems

In this section, we wish to study the relaxation dynamics of massive chiral quasi-
particles in bilayer graphene with electron-optical phonon interaction in presence
of intense optical pump field. Optical phonons in graphene have been discussed in
the context of a valence-force field model [226, 227]. We restrict ourselves to work
in the long-wavelength limit. There are two optical modes in graphene bilayer,
symmetric and antisymmetric with displacement of two layers oscillating in phase
and out of phase, respectively [222]. These modes can be represented by a relative

displacement of two sublattice atoms A and B in layer one, given by

r h g
u(r) = Z \/ 4N—Mw0(b‘7’” + bT—(j’,V)eV((De ! (5.1)
q,V

where N is the number of unit cells, M is the mass of a carbon atom, wy is
the optical phonon frequency at the I' point, v stands for longitudinal (1) and
transverse (t) modes of the phonon, b and b are the annihilation and creation

operators, respectively.

(@) = 1(¢/19, 4/191),  ¢o = 1] cosp(q)

(5.2)
el q) = i(—ay/1l, a:/14), ay = |q] sing(q)
The corresponding optical phonon hamiltonian can be written as follows,
1
_ T
Hpp, = Z hwo (b(y,ybci,u + 5) (5.3)
q,V

The displacement in second layer is exactly same as in layer one. These two
layers are coupled by a weak Van der Waals forces so the phonons in two layers
are also weakly coupled to one another. These weakly coupled phonons form
symmetric and antisymmetric modes with slightly different frequencies. For the
present discussion we have ignored such small effect. The symmetry between
transverse and longitudinal mode of phonons is not destroyed due to equal charge
distribution between A and B sublattices and the isotropic nature in the long-
wavelength limit. Therefore, we omit the subscript v in the present discussion.

The interaction Hamiltonian between the optical phonon and an electron [226] at
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one of the Dirac points, say ff, can be written as

He—oph = X Z { = CTA1(E7 Hepa(k — ,t) + h.c. (5.4)

= Vil Xg= (b1 )

4NM

where b = a/+/3 is the equilibrium bond length. The dimensionless parameter 3
is given by 8 = d(In 7o) /d(In b), M is the mass of the carbon atom.

The Hamiltonian [16] of bilayer graphene in presence of an electromagnetic field

can be written as follows,

1 — —
Hy=—3-%" [cLl(k:, £)(k_ — A())2cpa(k,t) + h.c. (5.5)
E
where, ki = k, + ik,, c(c') are annihilation(creation) operators on sublattice
site A1 and B2 and vice-versa. /T(t) is a complex vector potential applied that
couples to bilayer graphene through a Coulomb gauge, where A(t) = E/T(O)e‘m
and A(0) = ¢(A;(0)+14A,(0)). Therefore, the full Hamiltonian of bilayer graphene

including electron-optical phonon interaction can be written as,

Hpu = 5= 3 [eha (B (k- ~ AW®)emaE.&) + chalfi ) = A°(0)Fean(F.0)

() L & cp(k—q _q ca(k+
+x%{xq<t> Ll (R t)eall = 0.0) + X_oft) T chlF. tealR+ >]

1
+) wo <bgb¢+ 5) (5.6)
q

As usual we decompose Hamiltonian Eq. (5.6) and corresponding eigenfunctions

into slow as well as fast terms as follows,
H = Z Hm efzmwt Z wn —inwt (57)

Inserting Eq. (5.7) into Eq. (5.6) and comparing the coefficients of same expo-

nential powers from both sides and then using Schrodinger equation of motion,

z%’f = [¢, H], and simple anti-commutator algebra for fermions, we can write the
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slow part of Hamiltonian Eq. (5.6) as,

1 — — — —
Hepp=—5 - [k% chiy oy O)epao(kyt) + k3 ey oK, )earo(k, 1)

|

We wish to study the dephasing of ROs under the problem consideration. This
is easily be done by calculating the self energy of the system considered, which is
generally a complex quantity. The real part of the self-energy gives the physical
energy of particles (also referred as particle’s self energy) whereas the imaginary
part of the self energy is identified as scattering rate or dephasing rate. The inverse
of the imaginary part is a measure for the lifetime of the particle under investi-
gation. The self energy operator is related to the bare and dressed propagators,

often denoted by Gy and G, respectively, via the Dyson equation as follows,
G = Go = G()ZG or G = (1 — G()E)_l . G() (59)

where G’ are defined as,

= c T CT - .
Cu(Frt) = —it 15 a<<’;;> )z(,)(/w) )

S = FExp {—i/ﬁe_ph(tl)dtl}

(5.10)

where T is the time ordering symbol, S represents the S— matrix expansion. A
second order expansion of S— matrix is required because the expectation value
of first order expansion is zero due to presence of phonon operator Xz in the
interacting part of Hamiltonian. Using Eqs. (5.9) and (5.10), we can calculate the
imaginary part of the self energy which gives the dephasing rate.

2
X0 0y

—
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where

L 20k*wr | wk
Q- =2/ —— 2 ap = ——F2 42
k 4m? ton m w + 2w

The delta function in Eq. (5.11) is responsible for energy conservation of sys-
tem under consideration. According to energy conservation, this delta function
will survive only when anomalous Rabi frequency (2 is greater than the optical
phonon frequency wp. In this case, the carriers in bilayer graphene show an energy
relaxation by throwing away their energy to produce lattice vibrations known as
optical phonons. This happens only when the carriers are highly energetic and

these carriers are known as hot carriers (electron and hole). Inserting the values

L

—— > wo, after straightforward

of Qp and ap in Eq. (5.11) and assuming that
calculation Eq. (5.11) reduces to the following

A mwi
BT 2 2w

(5.12)

It is clear form Eq.(5.12) that beyond the threshold, the relaxation rate of carriers

by optical phonons in bilayer graphene is independent of electron wave number.

Monolayer and bilayer graphene possess similarities and differences, which is ad-

dressed in Sec.1.2. The relaxation dynamics of carriers in bilayer graphene by

25F

20+

T R 15+
Iy

(VelkD/wo

FIGURE 5.2: This schematic figure shows the variation of F{i—f with respect

to a dimensionless quantity vf}—l)kl It is clear from figure that the scattering

rate exhibit a threshold behaviour that can be identified with the electron wave
number, |k| = 2";—‘; and zero otherwise. Thereafter, I'y p varies linearly with k.
It shows that for the electron wave numbers [k < 5%, the optical phonons are

insensitive in dephasing of AROs.
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the optical phonon is discussed above. Below, the same phenomenon is described
in monolayer graphene. To discuss the relaxation of carriers by optical phonons
in monolayer graphene, we have adopted a similar method as described in case
of bilayer graphene. The electron-optical phonon interacting Hamiltonian in bi-
layer and monolayer graphene has the same form [222; 223]. In case of monolayer

graphene, the scattering rate is given by

2
I'vr =10 (@) (2w Sinby), 6 = cos™! <\/2w0(ka) w0> (5.13)

Wo vEk?
where 'y = #%% It is clear from Eq. (5.13) that the electron-optical phonon

interaction in monolayer graphene is prominent in dephasing of AROs only for the
electron wave numbers vp|k| > wy and zero otherwise. This is pictorially shown
in Fig. 5.2. Therefore, we have seen that the effect of electron-optical phonon
interaction on AROs in monolayer graphene is very different from bilayer graphene.
In bilayer graphene, the scattering rate is constant (independent of electron wave
number) while in case of monolayer graphene it varies linearly with electron wave

number. Figure 5.3 shows the variation of Rabi cycles with respect to electron

0.15+
Q' 010’
G
0.05+
OOO o L 1 I L TS|
0.0 0.2 04 0.6 0.8 10
(Ve lkD/w
FI1GURE 5.3: This figure shows the variation of number of Rabi cycles within a
unit decay time % with respect to a dimensionless quantity Ui—l)k' For k = 0,

there are a huge number of Rabi cycles present in the system considered. As

k increases, number of Rabi cycles decreases because I increases linearly with

increase in electron wave number. For large value of electron wave number, the
number of Rabi cycles becomes constant and shows no further decay.

wave number. This clearly shows that carriers in monolayer graphene exhibit

energy relaxation in presence of electron-optical phonon interaction far from the
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Dirac point. For small values of electron wave number there are huge number of
Rabi cycles present in the system before these oscillations decay away. It means

optical phonons are ineffective in dephasing of AROs near the Dirac point.

The effect of acoustic and flexural phonons on AROs in these systems is described

in the subsequent sections.

5.2 Acoustic phonon damped AROs in graphene-

systems

This section describes the damping of AROs in monolayer and bilayer graphene by
means of electron-acoustic phonon interaction. Long-wavelength acoustic phonon
may be treated with continuum theories to a good approximation. The dominant
form of electron-phonon coupling for long-wavelength acoustic phonon modes is
due to the deformation potential [227-229]. The deformation potential for in-
plane acoustic phonon mode is of the form DV - u(7), where u(7) is an in-plane
displacement vector and D is the coupling constant and D = 10— 50 eV [229-232]
The deformation potential is non zero only for longitudinal acoustic (LA) modes.
The electron-acoustic phonon interacting Hamiltonian, in second quantized form,

can be written as follows

2
He_goph = Z X¢ X ; CLl(k,t) cpa(k — @,t) + h.c. (5.14)

h
2Mw,

Xq =

where M = Ap is the total mass, w, = v,|q| is the LA phonon dispersion and
v, = 2% 10*m/s, is the velocity of sound. Acoustic phonon Hamiltonian is similar
to optical phonon Hamiltonian only the difference is that the frequency of optical
phonon wy is replaced by acoustic phonon frequency w,. To calculate the dephasing
rate in presence of electron-acoustic phonon interaction in bilayer graphene we
employ a similar strategy as we did in previous section. The modified form of I';, r

for the case of acoustic phonon modes in bilayer graphene is given by

& Xq T Xq OF YE4q
FkR_Zq T 5( — Q. +Qk+q) (5.15)
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All symbols have their usual meanings. Due to energy conservation law, the delta
function in above expression will survive only when w, < €. The acoustic phonons
may create even with very small amount of energy which is in contrast to optical
phonons. Creation of acoustic phonons depend on the value of phonon wave vector
¢. In the present case, the magnitude of acoustic phonon wave vector is ¢ =
Umin + a(k — kpin), where a = —2c0s0, k > kyin = —% and ¢in = 0.01512.
These values are found by taking the realistic values in Eq. (5.15) and solving the
quantity within the delta function numerically. A numerical plot of I'y p versus

electron wave number is given in Fig. 5.4. Figure 5.4 clearly depicts that the

10
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FIGURE 5.4: This is a schematic numerical plot of I'y, g versus |k| (in arbitrary
units) for the case of acoustic phonos in bilayer graphene. I'y, g increases beyond
a threshold value of electron wave number k,,;,, = 0.01134, zero otherwise.

acoustic phonons are ineffective in dephasing of AROs in bilayer graphene near
the Dirac point. It is prominent for large values of electron wave vector. In
other words, acoustic phonons play an important role in dephasing of AROs in
bilayer graphene far from Dirac point. It means ARO is a robust nonlinear optical

phenomenon in graphene like systems.

If we perform a similar calculation in case of monolayer graphene, the value of

'y, r comes out to be equal to

2 Q- (Qr — wy) — 02
Fk’,R: %ZQZ k ( Wq) 0 (S(Wq-’—QE+Q (516)
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where £ = /52D and Q; = 1/(vp|k|w)? + w}, is the anomalous Rabi frequency

of monolayer graphene. All parameters have their usual meaning as before. A

Ik

FIGURE 5.5: This is a schematic numerical plot of I'y, r versus |k| (in arbitrary
units) for the case of acoustic phonons in monolayer graphene.

numerical plot of I'y p versus electron wave number for the case of monolayer
graphene is given in Fig. 5.5. Figure 5.5 shows that the scattering rate increases
after a finite value of electron wave number and zero otherwise. Thus acoustic
phonons too are insensitive in dephasing of AROs near the Dirac point in mono-
layer graphene. Acoustic phonons are prominent in dephasing of AROs only far
from the Dirac point. The following discussion deals with the effect of electron-

flexural phonon interaction in dephasing of AROs in bilayer graphene.

5.3 Flexural phonon damped ARQOs in graphene-

systems

In presence of mechanical deformation, uniaxial strain, the graphene lattice cou-
ples to the electronic properties in two ways [228, 229, 233-236]. First is that
the presence of deformation can change the bond length which leads to change
in the hopping parameters results in corrections to the matrix elements of the
Hamiltonian. This leads to a shift in the momenta analogous to the inclusion of
a vector potential. As a result, mechanical deformations translate into fictitious

gauge fields in the Dirac Hamiltonian.
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Second, the elastic deformation involving local variations in areas which induces
the fluctuations in the electronic densities [229, 237] that translates into a scalar
potential in each layer. Consequently, symmetric deformations between two layers
gives rise to a global scalar potential in bilayer graphene Hamiltonian. Whereas,
asymmetric deformations yields to a potential difference between two layers. This
produces similar effect as inter-layer electric fields [238-240]. There are two types
of deformations in bilayer membrane- in-plane @(7) and out-of-plane h(7). Here,
@(7) is the vector field describing in-plane deformations and h(7) is the scalar
field associated with out-of-plane deformations, also known as flexural distor-
tions. Under the deformation of bilayer membrane, the atoms in the membrane
are shifted. The atom at position 7 under flexural deformation shifts from 7 to
7+ @™ () + 2h™(7), where n denotes the layer number. Flexural deformation
come in two categories- symmetric and antisymmetric. Therefore, it is convenient
to introduce symmetric (S) and antisymmetric (A) deformations in the layer index

as follows:

A (7) £ RO (F)
2 (5.17)

h(5/4) (F) =

2@ (7 + 70
L(5/A) (2 _ U () £ a'V ()
w>(r) 5

where, + corresponds to symmetric and antisymmetric flexural deformations, re-
spectively. For this study, it is worthwhile to discuss the dispersion of phonons
in bilayer graphene. The phonon dispersion in bilayer graphene can be easily

obtained with the help of elastic Lagrangian density [241]

L= Ly+Le

n=1,2

: 1 n
L, = =po {uW + h(")Q] —3 [2,uu + )\u )2

%[m[v A2+ T[VA™M)?]

1
ol [ — uP — 2[R0 — hOP

where, 4 and A\ are the Lamé coefficients for in-plane strechning, x is the bending
energy, po is the mass density in each layer and I' is the sample specific coefficient.
L. is a harmonic cofinement for the sliding of one layer with respect ot the other
as well as for the modification of the inter-layer distance. Our intention is to
study the effect of symmetric flexural phonons on anomalous Rabi oscillations

in bilayer graphene. Upon solving the Euler-Lagrange equations for the elastic
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Lagrangian at harmonic level for symmetric deformation, the dispersion [239] of

flexuaral phonons may be written as

4 2
WSF = [RLENT (5.18)
Po

The above result is valid in the absence of coupling between the layers. The
coupling between the layers stiffen the bending coefficient x, which is happening

in the case of realistic bilayer membrane.

To describe the effect of electron-flexural phonon interaction on AROs, we consider
the gauge field term proportional to F:,ET) as described in Ref.[239]. The relevant
electron-flexural phonon coupling Hamiltonian in one valley can be expressed as

a 2 x 2 off diagonal matrix.

0 F;
He—pph = < F 0 ) (5.19)

F3 =33 (ay - Zaz) h(8)<m7 y)

s 1 (5.20)
R (z,y) = ZZ & (by+bl ) e
q
where, g3 = %% is the coupling strength. The interacting Hamiltonian in second
quantized language can be written as
il e 9L_3 7 qr & Xq(t) el (k1) epa(k — 4,t) + hc.
kg

(5.21)

h
Xi(t) = (bg+0" ), &= \ 53

where, w, is given by Eq. (5.18). The full Hamiltonian of bilayer graphene includ-

ing electron-flexural phonon interaction can be then written as

—

1 -
Hypuy = —5- Z iy (k1) (k— — A(t))?epa(k, 1)
k

g3 - >
+5 Z qr &5 Xq(t) ey (k1) cpa(k,t) + h.c. (5.22)
k.q
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The Hamiltonian in Eq. (5.22) can be broken into slow and fast varying terms by
following a similar methodology to the one described in Sec.5.1. Therefore, the

slow part of Hamiltonian Eq. (5.22) can be written as follows,

]— - = 1 — —
Hepp = — Z 2_]“% 621,0(1{5715)632,0(/{3775) - Z _ki C}az,()(kvt)CAl,O(kvt)

— zm — 2m
E i

+3 wg blby = wp (CQLO(E, Bear ok, ) = chy oK, Denaol(F, t)>
q k

+ 237 o Xaachs o, Oemaolk = .8) + - X o0& (R, Dearo(F + @.1)|
k.
(5.23)
1 et
_4|Ac(0>|4

8m2w c

/ 1 62 2 2

Using Hamiltonian Eq. (5.23) and performing a similar calculation described in
previous sections, we can write the imaginary part of self energy, which gives the

scattering rate or dephasing rate, as follows

2 = 20
93 2% Vg §7
Lyr= q o(—% + Q. .+ wg) (5.24)
212 . Qrq w2 & k+q © T4

After solving integration over ¢ straightforwardly, we obtain a compact form of

2.0
15¢
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FIGURE 5.6: This plot shows variation of I'y g versus |k| (in arbitrary units)
for the case of flexural phonons in bilayer graphene. For plotting purposes we
have chosen k;, = 1 in arbitrary units.

'y, r as given below
Tpr o< (k—ku)” O (k — k) (5.25)

(©Indian Institute of Technology Guwahati
TH-1429 10612106



Chapter 5. Phonon assisted damping of ROs in Graphene Systems 133

mw‘Q\/% ' .
where ky, = —son 8 the threshold value of electron wave number. It is clear
from Eq. (5.25) I'y g is non-zero whenever k > ky,. Integration over ¢ in Eq.
(5.24) is done for long wavelength phonons, where the dispersion relation is linear,
Wy = \/;:0(]. It is clear from Fig. 5.6 that scattering rate shows a threshold
behaviour with respect to electron wave number. I'y g > 0 for k > ky,, and zero
otherwise. It means the flexural phonons are also ineffective in dephasing AROs
near the Dirac point. Flexural phonons are important in daphasing of AROs only

far from the Dirac point.

5.4 Summary and conclusions

This section summarizes the results obtained in the present chapter. In this chap-
ter, we studied the effect of electron-phonon interaction on AROs in graphene-
based systems. It is found that electron-phonon interaction does not play a major
role in dephasing of AROs near Dirac point while these oscillations are damped

far from Dirac point in presence of electron-phonon interaction.

This chapter describes the effect of electron-phonon interaction on AROs via three
types of phonons- optical, acoustic and flexural. The effect of electron-optical
phonon interaction on AROs is studied in Sec.5.1. This is done by calculating the
scattering rate or dephasing rate which is the imaginary part of the self-energy.
The self energy is calculated with the help of Dyson equation. In case of bilayer
graphene, the electron-optical phonon interaction shows a constant dephasing of
AROs, it is independent of electron wave vector. While, the effect of electron-
optical phonon interaction on AROs in monolayer graphene is very dramatic than
bilayer graphene. In monolayer graphene, AROs show a damping phenomenon far
from the Dirac point in presence of electron-optical phonon interaction. However,
these oscillations remain unaffected near the Dirac point. The damping of AROs
by electron-optical phonon interaction in monolayer graphene is pictorially shown
in Fig. 5.2. There are huge number of Rabi cycles present near the Dirac point
in monolayer graphene (Fig. 5.3). This signifies that near Dirac point AROs
are not damped. As the value of wave vector increases number of Rabi cycles
decreases rapidly. Further increase in electron wave number the Rabi cycles are
not affected. This tells that AROs are not going to be destroyed completely by

means of electron-optical phonon interaction in monolayer graphene.
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The above study shows the damping of AROs in presence of electron-optical
phonon interaction in monolayer and bilayer graphene. We have also studied the
effect of electron-acoustic phonon interaction on AROs. In this study, we follow
a similar strategy to calculate the self energy of the system. From the self energy
expression we extract the imaginary part which is the scattering rate or dephasing
rate. It is given in Eq. (5.15). A schematic numerical plot of this equation is
pictorially shown in Fig. 5.4. It is clear from figure that the dephasing rate is
zero for some minimum value of electron wave number and afterwards increases
slowly. This minimum value of electron wave number is k,,;, = 0.01134, calcu-
lated numerically. The dephasing rate is zero below k,,;,. A similar calculation in
monolayer has also been done. This study is also able to show that AROs are not
damped near Dirac point whereas the electron-acoustic phonon interaction plays
an important role in dephasing of AROs far from Dirac point. This is pictorially
shown in Fig. 5.5.

The above discussion shows the effect of electron phonon, optical and acoustic,
interaction on AROs in monolayer and bilayer graphene. The last section, Sec.5.3,
in the present chapter describes the effect of electron-flexural phonon interaction
on AROs in bilayer graphene. Deformation potential in the layer or between the
layers causes the flexural phonons. To describe the damping phenomenon of AROs
in bilayer graphene in presence of gauge field induced flexural phonons, we follow
a similar method described in Secs.5.1 and 5.2 and calculate the imaginary part
of the self-energy to obtain a compact formula of scattering rate or dephasing
rate. A numerical plot of scattering rate with respect to electron wave number
is shown in Fig. 5.6. It is clear from figure that the scattering rate shows a
threshold behaviour with electron wave number. It has a finite value for k > ky,
and is zero otherwise. The exponent at threshold is computed to be equal to 2.
Therefore, like optical and acoustic phonons, flexural phonons are also ineffective
in dephasing AROs near Dirac point. Similar to optical and acoustic phonons,
flexural phonons are also plays an important role in dephasing of AROs far from
Dirac point. Like optical and acoustic phonons, the scattering rate in flexural
phonons show a threshold behaviour in momentum. The threshold value of the
momentum varies inversely with the intensity of the applied field at a fixed value

of frequency of the applied field.

The detailed calculation of this chapter has been taken from Ref.[242].
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Chapter 6

Summary and outlook

As the title of the thesis itself suggests, the work presented is based on the study
of optical properties of two dimensional carbon materials. There are various al-
lotropes of carbon that exit in the nature but all allotropes are three dimensional
like- graphite, diamond etc. Till 2004, it was believed that it is impossible to find
long range crystalline order in two dimensions, due to large thermodynamics fluc-
tuations in two dimensions. In 2004, Prof. Geim and Prof. Novoselov at University
of Manchester made it possible to synthesize the first two dimensional allotrope of
carbon material named graphene by ‘Scotch Tape Method’. They were awarded
with the Nobel prize in 2010 for their novel contribution to physics. Graphene is
defined as one atom thick, densely packed two dimensional flat carbon sheet in
which all carbon atoms are arranged in a hexagonal pattern forming a honeycomb
lattice. This newly discovered material shows very unusual physical properties
than other known materials in condensed matter, and has wide potential appli-
cations. There are various theoretical and experimental studies are available in
literature on this material. The study of optical properties of this material is one
of them. There are several theoretical and experimental studies that are ongo-
ing on the optical properties of this material. Nevertheless, the optical properties
of this particular material is less explored compared to electronic and transport
properties. Graphene derivatives like- bilayer graphene, few-layer graphene and
graphene nanoribbons etc, and these systems with support show very different
physical properties than graphene. They also emerge as their own research field
in condensed matter physics. After the inventional of world’s thinnest first two
dimensional material ‘graphene’; several attempts were made to prepare other two

dimensional materials as well.
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The optical studies of monolayer and bilayer graphene is the main focus of this
thesis. This thesis contains two parts- in the first part coherent optical study is
done in these systems, and the second part of the thesis describes the incoherent
optical study in the same systems. Among well-known optical phenomenon in
optics Rabi oscillations one of them. Coherent and incoherent Rabi oscillations
have already been discussed by a number of authors available in literature. All of
them used a well-known rotating wave approximation to describe Rabi oscillations
which is valid near resonance. Recently, the same phenomenon is also studied in
suspended monolayer graphene by one of the member in our group in the extreme
non-resonance case by invoking a new technique called ‘asymptotic’ rotating wave
approximation which is valid far from resonance. Using the method applied on
suspended monolayer graphene, we did a similar study (coherent ROs) in sus-
pended bilayer graphene and supported-graphene systems. The coherent ROs are
described in chapters after the introductory chapter of this thesis whereas penul-
timate chapter is devoted to describing incoherent ROs in monolayer and bilayer
graphene. Coherent and incoherent ROs in these systems are studied in presence
of an intense classical electromagnetic field. However, the electronic states of the
system considered are quantum in nature. Therefore, the phenomenon studied in

the present thesis is purely semiclassical.

In chapter 1, a historical background of these systems is given including theoretical
and experimental studies based on electronic and optical properties along with
corresponding references wherever needed. This also includes the literature survey

relevant to our work presented in this thesis.

In chapter 2, the system under study is suspended AB-stacked bilayer graphene
which is taken to be intrinsic without any defects or disorders. Bilayer graphene
can be modeled as stacking of two monolayer one on the top of the other in
AB-stacking. The system under study in this chapter is exposed to a plane elec-
tromagnetic field which is propagating perpendicular to the plane of graphene
system under consideration. The Bloch equations of the system under study are
derived using Heisenberg’s equation of motion and simple anti-commutator alge-
bra for fermions. These coupled differential equations are solved in two different
regions of interest- resonance and extreme non-resonance. The main focus of this
chapter is to study the behaviour of AROs in extreme non-resonance. The AROs
are studied using asymptotic rotating wave approximation. This method is valid

only when the frequency of the external applied field is very large compared to the
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other frequencies involved in the problem under consideration. We have shown
that ROs in bilayer graphene also show anomalous behaviour similar to single
layer graphene. This anomalous behaviour of ROs in extreme non-resonance is at-
tributable to the pseudospin degree of freedom of system possesses. We have also
calculated the experimentally measurable quantity current density in both cases-
resonance as well as extreme non-resonance. It is found that current density in ex-
treme non-resonance case show a threshold behaviour in frequency domain. The
exponent at threshold is different to the one calculated in monolayer graphene.
The frequency at threshold varies parabolically with the intensity of the applied
field whereas in monolayer graphene it is linear with intensity. The current density
in time domain shows a power law decay which is quite different from monolayer
graphene. As the number of layers increases, multi-layer graphene shows multiple
harmonic resonance whereas there is only single anomalous resonance present in
these systems. Except solving the Bloch equations analytically, these equations
are also solved numerically using NDSolve routine of Mathematica. The results
obtained analytically are in full agreement with the results obtained by numerical
approach. At the end of this chapter, we have also described the same phenomenon
in n-layer graphene which is nothing but the generalization of ideas applied on bi-
layer graphene. The results obtained in multi-layer graphene are able to reproduce

the results of monolayer, bilayer, tri-layer graphene and so on.

Chapter 2 describes the phenomenon of AROs in freely suspended graphene bilayer
which is not supposed to have any disorder effects due to the presence of substrate
material. The natural question now arises that what will be effect on these os-
cillations when these systems are placed on substrate material. Therefore, the
study of Chapter 2 is extended to the graphene-substrate graphene systems. This
is presented in Chapter 3. In presence of substrate a mass term exists which is re-
sponsible of opening a gap in the electronic spectrum of these systems. It is found
that gapped monolayer and bilayer graphene (asymmetric monolayer graphene)
show Rabi-like oscillations even in presence of vanishingly small applied fields less
than the gap parameter. These oscillations are called ‘offset’ oscillations. The fre-
quency of these oscillations may be identified with the gap parameter. In presence
of inter-layer asymmetry in bilayer graphene, anomalous Rabi frequency shows a
minimum value with respect to intensity of the applied field- a feature absent in
monolayer and also in bilayer graphene. Conventional Rabi oscillations in these

systems are almost not affected in presence of asymmetry parameter. Current
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density in substrate-graphene systems show a threshold behaviour even for van-
ishingly small applied fields which can be identified with gap parameter. The
threshold frequency in presence of gap parameter is increased by an amount equal
to the gap parameter. The effect of different types of substrates on AROs is also
addressed in this chapter.

Chapters 2 and 3 describe AROs in perfectly AB-stacked bilayer graphene ex-
cluding any direct hopping between the layers. The carries in bilayer graphene
can also make a direct inter-layer hopping between two layers. This weak direct
hopping parameter defined by ~3. The perfect AB-stacking of bilayer graphene
is very difficult to find in practical life. These two layers may be twisted relative
to each other. This twisting is also called the stacking defect. These two issues
are also addressed in chapter 4 in more detail. In presence of trigonal warping,
anomalous Rabi frequency (ARF) at Dirac point goes through a zero non-trivial
minimum in addition to a zero trivial minimum. This zero non-trivial minimum
is attributable to the trigonal warping term due to weak direct coupling parame-
ter v3. This zero non-trivial minimum in ARF appears at a value of the applied
field which corresponds to the value of the momentum where the leg pocket of the
Fermi surfaces develops. The threshold value of experimentally measured quantity
current density show shift towards a smaller value. Conventional Rabi frequencies
in presence of trigonal warping preserve their same form as without trigonal. At
the end of this chapter, we mentioned the effect of twisting on AROs in bilayer
graphene which is, of course, absent in monolayer graphene. In twisted bilayer
graphene it is shown that AROs are significantly affected whereas conventional
Rabi oscillations are not affected significantly in presence of relative small twist
between the layers. The effect of twisting on AROs is observable only for weak
applied electric fields.

Chapters 2, 3 and 4 describe the phenomenon of AROs in absence of relaxation
term. The relaxation is responsible for the dephasing of AROs. It means, so
far, coherent AROs are described in graphene based systems. One may ask a
question how are these oscillations affected in presence of relaxation term. This
issue is addressed in chapter 5. We wish to study the dephasing of AROs in
monolayer and bilayer graphene by means of electron-phonon (optical, acoustic
and flexural phonons) interaction. The study of dephasing of AROs in these
systems can be done by calculating the dephasing rate which is the imaginary part

of the self-energy. The self energy is calculated with the help of Dyson equation.
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It is found that electron-optical phonon interaction in bilayer graphene show a
constant dephasing of AROs whereas in monolayer graphene, AROs are damped
far from the Dirac point while they are undamped near the Dirac point. It means
electron-optical phonon interaction in monolayer graphene plays an important role
in dephasing of AROs only far from the Dirac point. Similar study is also done
in these systems in presence of electron-acoustic phonon interaction. It is seen
that acoustic phonons in these systems too are ineffective in dephasing of AROs
near the Dirac point, these are important only far away from the Dirac point.
Even flexural phonons in bilayer graphene are not dephasing AROs near the Dirac
point, these are significant only far from the Dirac point. In this way, we have
seen that electron-phonon interaction in these systems are not capable to dephase
the AROs near the Dirac point while these are significant only far from the Dirac

point.

This study further can be extended to other similar materials such as Topolog-
ical insulators (TT), Weyl semimetals, nanotubes and graphene nanoribbons etc.
The other optical properties to be studied are- four-wave mixing, photon echo
and optical Stark effect. The work presented in this thesis excludes the carrier-
carrier interaction (Coulomb interaction), screening effects. These are the future

directions of the research work.
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Appendix A

Detailed calculations of chapter 2

A.1 Calculation of equilibrium values of polar-

ization and population

This section describes how can we calculate the equilibrium values of polarization
and population using mean field approximation as we argued in chapter 2. In
second quantization, the Hamiltonian of bilayer graphene in absence of external

applied field is

1
H==o=>" ey 092 csnp) + @l caP) (A1)
P
If we assume that our system is in grand canonical ensemble, the expectation value

of a general operator O can be defined as

Tr(e_ﬁ(H_“N)O)

(0) = ——

(A.2)

where, Z = Tr(e #H=r#N)) is the grand canonical partition function, p is the
chemical potential, § = 1/(KT), T is temperature and N = Zﬁ(ciﬂu(ﬁ)cm(ﬁ) +
by (P)ep2(P)) is the number operator. We want to calculate the polarization den-
sity as well as population density. Using Eq. (A.2), the expectation value of the
density operator (polarization and population) can be defined as follows,

(e BH=N) ¢ (H e
<Cl(ﬁjcs’(ﬁ)> — T ( = s(ﬁ) ] (@)

141
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Tr(cy (P)e =+ cl(p))

(el (e (7)) = g

r(eBH—uN) s') cf
(e = 71 G D) (A3)

where s and s stands for two sublattice sites A1 and B2 and vice-versa. In above

equation, we use the cyclic property of trace i. e. Tr(ABC..) = Tr(CAB..) =
Tr(BAC..) and we defined

F(B. ) = P10y (el

The equation of motion of above quantity is
af(B,s") -
= PHN(H = ), o ()P
op
Using the anti-commutator algebra of composite fermions, we easily can write the

equations of motion for ‘f’ on two sublattices A1 and B2 with the help of above

equation as follows,

0f(B, A1)

" p-
95 _ B(H=pN) <2mCB2(17)+MCA1<I7)> B(H—pN)

ap 2m

Using the definition of f, the above equations can be written into two coupled

f(ﬁ B2) — BH-uN) (ﬁcm(ﬁ) +M032(ﬁ)) e PH—pN)

linear differential equation as given below,

A 2
%’51) — - 1(8. B2) + uf (8, A1)
2
%f@ = ZEF(8,AL) + uf (8, B2)

These coupled linear differential equations may be solved using DSolve routine of

Mathematica. The solution of these coupled differential equations comes out to
be,

2

f(B, A1) = c,e’"Cosh|j :n] + CQp B“Smh[ﬁ

p+ 2m

]

2

f(8,B2) = czeﬁ”Cosh[BQ;] + clllj—zeﬁ“Smh[ﬁQ ]

m
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where ¢; and ¢y are constants. These constants can be calculated with initial

condition assuming that temperature is very high so that g — 0. It gives,
f(OvAl) = f(O7B2) = C2

f(0,8") = co(p) = f(0, A1) = ca1(p) = ¢1 and f(0, B2) = cpa(p) = o

f(8, A1) = cAl(ﬁ)eB“C’osh[ﬁ ]+c32(@—eﬁﬂsmh[52 ]
2t m

2 2

f(B,B2) = cBg(ﬁjeﬁ“C’osh[ﬂ ] + cAl(ﬁ)—eB”Smh[ﬂQm]

f(B, A1) = P~ <CA1(_)Cosh[ P ] + 032(”) Smh[ﬁ P ]>

2
e (A.4)
2m

f(B, B2) = ¥ (cBg(ﬁ)Cosh[ P’ ] + cAl(ﬁ) Smh[ﬂ P’ ])

Equation (A.3) can be written in the form of two sublattice sites Al and B2 by

expanding one of two indices as folows,

Tr(e”PH=1D f(B, A1) cl(p))

(D) = ’
Tr(e-4%) f(8, B2) o} (7)) (4-5)
r(e K , cl(p
(e (Pesal®) = Z

Inserting Eq. (A.4) in to Eq. (A.5), we can obtain

AH=1N)H (51 (P)CoshIB L] + ema(B) By Sinh[BL=])cl (7))

Tr (
(L Pen(@) = P

Tr (e 21N ey () CoshlB L] + can ()2 Sinh[BL])cl (7))
(e (P)ema(P) = e

Using Eq. (A.2), the above coupled equations can be written as

(ean() = e (lea D) Costls ) + Ly tem(ie ) sint (521

+

(enali) = & ((em(DL @) Cosls 2]+ L eapelpsimnls
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The quantity on right hand side in above equations can also be written in the

following using anti-commutation relations

(ca1(P)eL(P)) = bs.a1 — (cl(P)ear (D))
(cB2(P)cl(D)) = b2 — (cl(D)cBa(P))

Inserting above equations into preceding equations and solving these two coupled

simultaneous equations using Solve routine of Mathematica, we obtain

ds.a1(1 + efB“Cosh[ﬁ i ~1)p%)

p% (85 poe p?Sinh[3 ]
+ (1 + efrCosh[BL])2p2 p?.

—e2PuptSinh[BL

(L (P)ear(p)) = Gs.mn +

i

Further simplification of the above equation gives,

S, 32 Smh[ ] — s, a1 1 — 55,A1005h[ﬂ%]
ePr 1 e—Bu L 2Cosh[ﬁ%]

(cl(P)ear (D)) = bsm1 +

For equilibrium zero temperature distribution, 5 — 0, the above equation reduces

to
2

t %(53,322_5 - 5s,A1)
(cl(P)ear(p)) = 0s.a1 + 2 (A.6)

Similarly, we can obtain,

l(dsA 5e 55 B2)
(cl(P)ema(P)) = bups + 2 (A7)
1+ e BER—1

If the energy of the system is greater than the chemical potential ('p | ,u), Eqgs.
(A.6) and (A.7) gives

1 2 1 2
(enli) = 5 (o +0umal3 ) ¢ (el = 5 (G + 025 )

If the energy of the system is less than the chemical potential ('p | u), Eqgs.
(A.6) and (A.7) gives

((P)ear(@) = sm1; (ch(D)ep2(D)) = b5
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Therefore, the equlibrium zero temperature distributions comes out to be

P’ 1 i P’
(cl(P)ear(p)) = © (% - M) 5 (55,,41 + 55,32p—2) +0 (M — %) ds,.a1 (A8)

' »’ 1 i »’
<CS(]7)CBQ(]5)> = @ % — U 5 55732 -+ 55,A1p—2 + @ m— % 53732 (Ag)

Equations (A.8) and (A.9) gives the equilibrium temperature distribution of po-

larization and population densities.

A.2 Formulae used to plot Fig. 2.1

This section describes the analytical expressions used to generate the central result
of our work viz. Fig. 2.1. All the three parts of Fig. 2.1 are obtained through a
numerical solution of the nonlinear equation for the eigenfrequency (see our earlier
work [184]). In our earlier work, we showed that the plots are equally well given
by a simple smooth interpolation of subplots applicable in different regimes where
analytical expressions are possible. Here too we adopt the same strategy to obtain,
for single layer graphene (a):

4

w w
QSLG (UF|]€| < Z) = P (UF|]€|)2 aF w—];

w
4

The conventional Rabi frequency is related to the fields in case of single layer

Qs (5 < vrlk]) = V(@ = 20p]k])? + w2

graphene through, wg = vp|$dpa - A(0)].
For BLG (b):

2m 4 2m 4?2
w k> 3w (2 2 k2w
o (3 < ) )

3w |k LY |A(0)[?
BLG < 1= 2m> \/( YTy ) TWR CR= o0
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Finally for trilayer graphene (c):

+ a2|]€3|2w2

w

/ wr\2/3 9 wr\4/3 1
W = <9a2]k\4 (F) + Sallk? (3) —|—§w?%>

w 3 Sw) 2/3 4/3
Qric (Z < alk]” < Z) = \/A2 + 9wy (alk]?)

U <a|k‘3 _ g) _ 2\/(@)2

4

Qi (%‘" < alk® < %‘") = /A2 4 904 (o)

5w v
Qrra (I < a|k:|3) =/ A2 + W}, wg = 73 |A(0)[?
1

where A = (vw — 2alk|?). v = 1,2,3 for first, second and third harmonic reso-
nance, respectively. These formulae clearly show the harmonic resonances associ-

ated with conventional Rabi oscillations.

A.3 Calculation of current density in bilayer gra-

phene

The low-energy Hamiltonian of bilayer graphene in second quantization in absence

of external applied electric field, in spatial co-ordinates, can be written as follows

=, /2 &
H = %/d%’_j (lel(ﬂut)pfwBQ(T_j?t) + wTBQ(,F’?t)p+wA1(F/7t))

The charge density in two sublattice site A1 and B2 in bilayer graphene is defined

as follows,
p(,t) = Pl (F ) ar (7, 1) + Uy (7 ) (7, 1)

To calculate the current density in bilayer graphene we make the use of continuity

equation
S o ap<Fa t)
V : J(T7 t) - at 9

and Heisenberg’s equation of motion which states that
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Now we are going to calculate the commutation relation between current density

and Hamiltonian of bilayer graphene, this can be written as follows,

(700 H) = e (7. 00 (7.0, o [ 007 0 07 P
[¢B2(7ﬁ )¥p2 (T, 1), /¢A1 L tp ¢B2(T t)d*r]

(A.10)

A GRGHING / W7 O o (7, )

+ Uo7, a7 ‘1 / Bl (7, 0P 0n (7, )27

Therefore,

1 "2
[p(ﬁ t)? H] = _% [1”41 (Fa t)pz—wBQ (7?; t) - p—&-wTBQ (F; t)wAl (Fv t)]

s [P (1) + (7 R (7 )

we can write,

Wl (7 )2 pa (7, 1) = po (Wl (7, 1) (p- a7, 1)) — (p—tly, (7, 1)) (p—ta (7, 1))

Applying similar process on the other three terms also, we can write
. -1
[p(7,1), H] = %[P—Q— +p+ Q4] (A.11)

where,
Q- = ¥l (7, )p—pa(F, 1) — p_vly, (7, 1) ma (7, 1)
Qi = 1”32(7:; t)p+wA1<Fa t) - p+¢,T92(F, t)¢A1 ('F, t)

Using continuity equation and Hiesenberg’s equation of motion, we can write

= 0J, .0Jy,
—iV - J =|p(r,t),H = —i
iV - J = [p(r,t), H] o oy
ot ip — i 0 n 0
Similarly,
o 0 _ 0
p— - pac py - ax ay
Therefore,

+ 2'a 2a
_=—21— _=2—
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Hence,
S +p- —p-
p(F, ), H] = - TPy P — Py (A.12)
2 21
Therefore from Eqs. (A.11) and (A.12),
-1 _ P+ +Dp- P+ — P-
2m [p—Q— +p+Q+] - 9 Jx + % Jy

Now comparing the co-efficient of p, and p_, we will end up with,

Ty — i, = —%, Jy + i, = —%

From the above equation we can write the expression for J, and J,

_ai ;
Jo = 5o[Q4 + Q) Jy = 5@ + Q]

Therefore, the expression for current density in spatial co-ordinates comes out to

be equal to

1

J(7t) = o [%Tsz(??» )P (7 ) — Pyl (7, ) ar (7 1)

- wiu (7, )p-pa(7 ) — p—@u(ﬁ t)pa(T, L‘)
+ ﬁ [ - ”452’2(7—”, prhar (7, t) + p+¢)“92<7:»’ bar (7, 1)

+ Ul (7 P Y7 1) — -y (7 a7, 1))

.0

Applying the Fourier transform to get the expression for current density in Fourier

space (momentum space)

1 =
Yar(p2)(T,t) = e~* a1 B2 (7, 1)
(B2) /_A'r' ; (B2)
1

P+arp) (T t) = —i Z'/ﬁr@“z'?cm B2)(7, 1)
(B2) \/A_r g (B2)

Therefore, the expectation value of current density can be written as,

- 11 (7 k)

(J(t)) = Ry 2k, p*(k,t) + 2k_p(k, 1))
o i . o (A.13)

5o 2 2kep (K1) + 2k p(K, 1))

(©Indian Institute of Technology Guwahati
TH-1429 10612106



Appendix A. 149

In presence of external applied electric field, the current density in bilayer graphene

is given by the following equation

A.4 Details of numerical solution of Bloch equa-

tions, Sec. 2.4

In the numerical solution of Bloch equations, we have used NDSolve routine of
Mathematica to generate the plots. According to the user manual of Mathematica,
it uses ‘Non-stiff Adams method or a Stiff Gear backward differentiation formula’.

The Mathematica program is given below,

The Bloch equations are

Eql = ID[pf], f] —— — { f;_m - A(\O/);_:t} ]
Eq2 = ID[ps|t], ] == [ \/""% _ A%WT ndlf]
E¢rzszmeﬂ==-—2[j§%—-A3%gm]2pm

For plotting purpose, we have chosen the value of parameters in RWA and ARWA

case, respectively, as tabulated below:

RWA case: w = 2% ARWA case: w > 2%
ke ky
o — 10 o = 0
A0 _ 1 = 40 A0 _ 19 = A0
2m \/% 2m \/%
w = 200 w = 2000
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NDSolve routine is used as follows,

Input:
s = NDSolvel[{Eql, Eq2, Eq3,nd[0] == 0,p[0] == —1/2,ps[0] == —1/2},
{nd, p,ps},{t, 0,500}, MaxSteps — 10000000]
Output:

{{nd — Interpolating Function[{{0.0,500.0}}, <>,
p — Interpolating Function[{{0.0,500.0}}, <>|,

ps — Interpolating Function[{{0.0,500.0}}, <>]}}

Then, we generate plots of nd and p using ‘Plot’ command of Mathematica as

given below,

Plot[Re[nd[t]]/.s, { t, 0, 1 }, PlotRange—All, Frame—True, FrameLable—{“t”,
“Population, ngrslk,t]” }, PlotStyle— {Red, Thickness|0.008]}, LableStyle— Directive[Bold,
Black, FontSize—15]]

Plot[Evaluate[Re[p][t]]/.s], { t, 0, 1 }, PlotRange—All, Frame— True, FrameLable—{“t”,
“Polarization, p[k, t]” }, PlotStyle— {Red, Thickness[0.008]}, LableStyle— Directive[Bold,
Black, FontSize—15]]
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Detailed calculations of chapter 5

B.1 Electron-optical phonon Hamiltonian

The phonons are characterized by the relative atomic displacement from their
equilibrium positions. The relative displacement of two sublattice atoms in bilayer

graphene can be written as

h iq
) = 2 R e + ) D (B.1)
q,v

The meaning of the symbols used are described in corresponding chapter. where,

a(q) = i(Cos¢(q), Sing(q)),  e(q) = i(=Sing(q), Cosp(q))

The electron-optical phonon interacting Hamiltonian [226] at one of the Dirac

point is given by

Herop = V3@ 5 u(?)) = V2L oa,(7) — o] (B2)

01 D G

o, () = S o (b + b, (132
g uy(f") ( 1 O ) X — 4NMCUO( q, + _(Ial/)(Z q )e

0 —i D G

o(F) = S (b + b1 ) (12
O-yu (T) ( ’L O ) X 4NMCU(]( q, + —q,ll)(l q )6

where
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The symmetry between transverse and longitudinal mode of phonons is not de-
stroyed due to equal charge distribution between A and B sublattices and the
isotropic nature in the long-wavelength limit. Therefore, we can omit the sub-

script v in the present discussion. Inserting these into Eq. (B.2), we obtain

Eal b _% i
Heopp = —V275 Z,/M (bt <+O >e (B.3)

In continuum limit, the Hamiltonian Eq. (B.3) can be written as

where, 1) is an eigenfunction of Hamiltonian and it can be written in terms of the

eigenfunctions of two atomic sites A1 and B2 as follows,

_ l Z CA(E,) eiEl-F
L g CB(E/)

Inserting ¥ in Eq. (B.4) and doing further simplification, Eq. (B.4) reduces to

5’7 1 h t
He—opn = \/_52 L2 2. V AN M w, (bg +5-0)

kK .G

-

X / dr- [ cg(/%”)%cA(E) - CL(E’)%CB(E) ] ci(F=F +a)7

Using the definition of Delta function,

the above equation can be written as

e oph — XZ|:X CA H‘ B(E—®+h0

/37 f
x=V2is 4NM Xg=bg+b .

This is the electron-optical phonon Hamiltonian, we used it in calculation in Sec.
5.1 of chapter 5.
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B.2 Extraction of slow part of Hamiltonian

Here, we give the detailed calculation to obtain the slow part of Hamiltonian Eq.
(5.8) from full Hamiltonian Eq. (5.6), used in Sec. 5.1. The Hamiltonian Eq.
(5.6) is,

—

Hpa = =5 3 [0k = AV emF0) + chaF )k, — A1) e (F,0)]

k

=y [Xq(t)%cm, Hep(k — q.t) + X_at) Z L (E, ea(k + 7 t)}
k,q

We can write Hamiltonian Eq. (B.5) and wave function in ‘slow’ as well as ‘fast’

harmonic terms.

H — Z Hm efimwt, w _ ¢n efinwt (B6)

m=0,%1,.... n=0,£1,....

Using Heisenberg equation of motion we can write the equation of motion for

as,

iat¢0+ Z e—inwtwn — w0_|_ Z e—inwtwﬂj H()‘i‘ Z e—imthm

n=THuEE=p ... n=+1,+2,... =11, 2%

= [tho, Ho] + Z (4o, ™™ Hy | + Z ™" Yy, Hol

n=+1,+2,... n=+1,42,...

+ Z e—i(n—i—m)wt W}n» Hm]

n=1i17=2) ..

Comparing the coefficients of same exponential powers from both sides. The co-

efficients of e is

iaﬂﬁo = Z [¢n7 H—n}
n=0,41,42,...

+iwt +2iwt

Similarly we can collect the coefficients of e and e , and solving them as-
suming that the external driving frequency is very large. This assumption allows

us to neglect the terms containing 1/w? in comparison to the terms containing

(©Indian Institute of Technology Guwahati
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1/w. This simplification gives us,

BN 0 1 R (19 1
w w
(B.7)
_ [w(]?HZ] o _WonyQ]
thy = o Yoo = Tow
Therefore, the equation of motion of 1y comes out to be
iat¢0 3 Z [¢m H—n]
n=0,+1,42,...
i0ibo = [0, Hol + [t1, H 1] + [—1, Hi] + [tho, H ] + [0 o, Ho] (B.8)

Inserting the vales of 9's in above equation, we will obtain a equation of motion

of 1y which is fully in terms of ¢)y. This is,

i0pho = [1o, Ho| + ! [[%o, H1], H-1] — é[[wo’H—thl]

W
_|_2_[[/¢}0, 2]’ 2] _ 2_[[w0’ 2]7 2]

This way, we get rid off from the fast varying coefficients in wavefunction. The
remaining is how to get rid off from the fast coefficients of Hamiltonian. This is

explained below:

The interacting part of Hamiltonian Eq. (B.5) has no harmonics in external driving
field. Therefore, our focus will only be on the rest part of the Hamiltonian. The

bilayer graphene Hamiltonian without electron-phonon interaction is given by,

=t D [eha (R0 4 (=A% 4 2 (=7 A(0))e ek, 1)

c

1 g (& . e . N
=5 [chalF, (k2 4+ (~AT(0))22 + 2k, (<A (0) e e (R, 1) (B.9)
i
Now decomposing the creation and annihilation operators in slow and fast terms
as follows,

c=cpy + C+1€—7,wt + C_lezwt + C+2€—22wt + 0_262%.)15

iwt —iwt 2iwt —2iwt
ot = co+cile’°’ +cl e +0126 wh g ol 2w
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Inserting these equations in Eq. (B.9) and comparing the same exponential powers

from both sides. The term of ¢*%:

_ = (i t t t t
Hy=— E : o (CAl,oCB2,0 T Ca1 41CB2,41 T Cyy _1CB2,—1 T Cpq 42CB2,42 T Cyy _9CB2,—2

~5 (—EA(O))2 (021,0082,—2 +chy em + Cf41,+2082,0>
Kk

- Z  2m (CALOCBQ’*1 + Ca1,416B2,0 T Ca1,_1CB2,—2 + Ca1 19CB2, 41

S (d i i i i
“om k% (CBQ,OCALO 1 Cpo 41CA1,+1 T Cpy _1€CA1,—1 T Cpy 1 9CA142 T Cpy _5CA1,-2
E

1

= o (—EA*(O))Q (CTB2,OCA1,+2 + CTBQ,—chl,-H g CLQ,—chl,O)
k

*
By E 2k ( —_A (0)) (032 0CAL+1 T+ chy +1CA1+2 T CBQ —1€a10 + CB2 —2€AL, 71>

Similarly the coefficients of e¥™! and eT?“! are Hy, and H.,, respectively, and

given by,

1 e
H+1 — —% Z 2k (_EA(O)) CLI,OCBZO’ H_1 = H_TH
k

(B.10)

1 e Z
Hia= =530 (S5AO) chuoeono. Hoo =H;
k

Using Eq. (B.10) along with Eq. (B.7), we can calculate the various fast terms
contained in the expression of Hy. Inserting these fast coefficients into the expres-

sion of H, it comes out to be

H() Zk’QCAlok‘t)CBQQk’t 2m2k’+ BQOktCAl()(k: t)
A*
Z k2l oF. tpearo(F.t) + 1200 ZW hnolF. Dol 1)
[£A(0)]" - |£A*(0)]* - -
_ WZCLLO(/@,@% ok, 1) + ch;m(k,t)cm,o(k,t) (B.11)

(©Indian Institute of Technology Guwahati
TH-1429 10612106



Appendix B. 156

Equation (B.11) gives the slow part of Hamiltonain we used in calculation in

chapter 5.

B.3 Green’s function

This section describes how to calculate the Green’s function of bilayer graphene.

The full Green function is defined as
G=(1-GyX) ! Gy (B.12)

where (i is defined as

- !/

Golk,t —t') = (=i)( T cpo(k, t)el o (K, 1) o (B.13)

The equations of motion of ( 1" ¢,o(k, t)cgo(lg, t') )o on two sublttice sites will be

of the form

=1 !

, - = , / 1 -
z@t< T CALO(k;?t)CZL,O(k?t ) >0 = Z(Sa’Al(S(t —1 ) - %k/‘z < T CBgyo(k,t)CLO(k,t ) >0

B &

1 e?
Sm2w ct

{m%u c

- /

|Ac<o>|4} (T carolf, t)elo(F,7) Yo

KlA0)]* +

and,

b /

. e = i / 1 -
i0,( T cpao(k,t)cho(k,t) Yo = 04, p2d(t —t) — o k2 (T carolk,t)eh o(k,t) Yo

= ’

\Ac<o>\4] (T emao(F.0)ch o(F. 1) Yo

—1A4:(0)]* +

n K2 e? 1 et
miw ¢

8m2w ct

Using the following fourier transform

—

(T caolk, t)eho(k

) )o=Y e (T Cao (K, m)c] o(F,n) Yo

n
the above two coupled equations turn into two coupled simultaneous linear equa-
tions. These equations may easily be solved using Solve routine of Mathematica,
this gives

- - 2m(2im(z, + i )0a,a1 — k2 0a.52)
T J = : :
< CALO(k? n)ca,O(k’ n) >0 (k4 + 4m2(27% i Oéz))ﬁ
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. - 2m(—k2 g1 + 2im(z, — iay,)04.82)
T J[ _ +VYa, n a,
< CBQ,O(k>n)Ca,O(k>n) >0 <k4 +4m2(2,721 +Oéz))ﬂ

Therefore, the Green functions on two sublattice sites can easily be written using

Eq. (B.13),
a (]; n) _ 2m(2m(zn + z‘ak)éam + Z.k%(saﬁg)
OALa (K 4 4m2(z2 + a2))B (B.14)
o (E n) = 2m(ik15a’,41 +2m(z, — io)daB2) '
sl (K + 4m?(22 + o)
Therefore, Gy can be written as,
2m(2m(zn+iag)) 2m(ik?)
G a141,0 G 41B2,0 -4 g WHOR Gaton)?
G() = 4 ’ =
Gpoao  Gpop2p 2m(ik?) 2m (2m (zn—ic))
(ki 4+4m2(22+a3))B (k*+4m2(22+a3))B
(B.15)
2m(2m(zn+iag)) 2m(ik2)
ki+4m2(22 +a2 kA+4m2(22 +a?
~ B (k*+4m? (22 +af))B (k*+4m? (22 +05))B ( S Al o >
> =
Qm(zki) 2m(2m(zn—iay)) z:BQAI 2B2B2
(kT+4m2(22+a2))B (k*+4m2(22+03))B
1
1—GyY) t= ———
( 0%’) Den full
( Den(Den — 2'm(ik_2'_EAlBg + 2m(zn — iag)EB2B2)) (2m)Den(2m(zn + tag)X A182 + ikQ_EBQBQ) )
(2m)Den(ik S a141 + (2m) (2 — iag)Ep241) Den(Den — 2m(2m(zn + iag)Sa1a1 + k% Tp2a1))

Denfull = Den® 4 4m?(k* + 4m?(22 + a2)) (=S a1p2X 241 + L a141 X B282)

—2im Den(k? S a1z + k* Epoar + 2m(o(Sara1 — Spop2) — 12,(Sa1a1 + Sp2p2)))

Den = (k* +4m?*(22 + a}))

Therefore, the full Green function in Eq. (B.12) can be written as

G— —
Den fullNew

2 2
(2m(ik3)) + (27;') £p2al ((27'L)2(Zn - iak)) - (27;') Sa1a1

2 2
1 ( ((2m)2(zn + iak)) - (272) YB2B2 (2m(ik2)) + %&4132 )
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4m?
Den fullNew = Den + 5 (=X a182XB241 + Ya141XB282)

—2im [k X a182 + k2 Xpoar + 2m(ar(Sa1a1 — Spap2) — i20(Sa1a1 + Spape))]

(B.16)
B.4 Self-energy
— t4 —t3 —I—OO
—00 t1 — to +00
t1 > ta, t1,l2 > 13,14, 13 > 14
The time on bottom line is always greater than the time on top line.
The generalized one particle Green’s function is defined as
. , T S co(k,t)cl(k,t
GualFt — ) = (—i)\ T2 el o (B.17)

(TS )o

Here T is the time ordered parameter and S represents the S-matrix given by
S = Eﬁp[—i/ﬁe_oph(tl)dtl]

Expanding S-matrix perturbatively,

e oph tl e— oph(t2)>dtldt2

S:1 /Heophtl

The first order expansion will be zero because the expectation value of phonon
operator X is zero. The integrant of second term can be expanded by inserting

the electron-optical phonon Hamiltonian.

A

<Hefoph (tl)f{efoph (t2)> =

/ "

q, bl I q, =1 el !
=X’ Z Xq'(tl)?cz(k t)ep(k —q 1) XXq”(t2)?CL(k to)ep(k’ —q 1)

El 7;75,,’(7,,

/

=Y Xq,(tl)‘;—,cg(/?’,tl)%@/—qﬂtl)><X (tz)%%(k t)ea(R +q t)

A A
k' ,q k" ,q
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’ 1

q 7 d q_ =1 =y
Ay X_q,(tl)q—fcg(k,tl)cA(k —i—q,tl)quu(tg)?cL(k: o)k =7, t)
El7q—l7E”’qH
q/ = = q” =1 =1 !
Y X,q/(tl)q—fcg(k Jt)ealk +cf,t1>><x,qn(t2)q—jcg(k to)ea(k +d" o)
E/7ql7’;//7q//

Using above expansion the Green’s function in Eq. (B.17) comes out to be

Gkt —t) — Gapo(k,t —t) =

(=) dt; | dty \2 (A T X (t)X »(t
o | d | db X > —,?< g (t) X (ta) ) x

k/ ’q/ ; kll 7q1/

(T (K t)ep(k — G, 0)c (B t2)es(k =G to)ea(k, t)el (B, 1) Yo

’ 1

—i)? q_q
il ,) / dt, / dty X* Y (T Xy ()X () )%
2' C C E{ q.l E“ /! q

!

(T (K t)ep(k — G, t)eh(K ta)ealk + G ta)ca(k, t)eh (Kt

) Jo

—i)? qq-
—i-( ') / dtl/ dty x> Z —=(T X g (t1) X (t2) )%
2! C C g i P 7 4

< T CTB(Elvtl)CA(EI y q_!7t1)cir4(l;”7t2)cB(Eu - (j{/;tZ)Ca(Ea t>CZ(Ea t/) >0

!/ 1"

—i)? 4. q
LS5 [an [an ¢ 3 LE(T X (0)X () )
2' C C I;:‘/ q_/ EU I/ q q

(T (k) ealk + @, 0)el (B ta)ealk” + ¢ to)cally )b () Vo

Only the connected parts will survive, and in grouping we will use the following

<TCLI (tl)ckz (t2>> = _5k1=k2 <Tck1 (tQ)CL (t1)>
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Ga(kyt —t) — Gapo(k,t —t) =

qq_

dtl dtQ X

P
d

7 (T Xy (1) Xy (t2) ) X

=1

(T ep(k" =" t2)ly (K 11) Jo( T CB(/? =@ t)ej(k,t) Yol T calk,)ch (K 2) o

2 q q,
Cdtgx > e ST Xy (t) X (t2) )%

k/ 7q/ ; kll 7q1/

dtq
C

(T cq(k, t)cA(k 1) Vol T ea(k — G, 1)l (K 1) Yol T ea(k — ¢ ta)el (k. 1) Vo

’ "

dth q,z+<TX ( )X_q//<t2)>><

—’/ _/ T
q

dt1

=/

(T ca(k" +q )k t1) Yol T cB(E’ — 7 t) (k1) Yol T calkyt)ch(K 12) Do

q dq,
dty x> Y —,q—m T X, (t)X_p(t2) )%
C

k/ ’q" ; k// 7q//

dt,
C

(T ok, )l (B 1) Yol T ep(k — @, t1)eh (K t2) Yol T calk’ + G, t)ch(k, 1) do

q,q
dty X Y (T X_ ()X (ta) )%
(&

k/ 7q_l ; kl/ 7qll

dty
C

(T ep(k’ = §  ta)cly(k 1) Yol T ea(k + ' t1)e}(k,£) Yol T calli, t)chy (K", 2) Do

q 4
dty x° Z =T X_y ()X, (ta) )x
c

BB

dt,
C

—y

(T cok,t )c (k DVl Tealk + G, t)ch (K 1) Yol T ea(k = ¢, ta)ef (k1) Vo

—1) ¢, 4,
dt1/dt2x qf q+<TX ()X (t2) )

(T calk’ +d  ta)ch(k 1) Yo T CA(EI + @ t)cf (B, ) Yol T calk, t)eh (K 2) Yo

/ 1"

94 q
ST X_y(t)X_ o (ta) ) x

dtl dtg X2
C C

BB

(T colk, )b (K 00) Yol T calk + @, 00) ey (K 1) Yol T ealk” + G t2)cl (K, t) Yo
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. 7 4 . . . .
Integrating over k , £ and ¢ using momentum conservation, this gives:

Gap(kyt —t) — Gapo(k,t —t) =
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The self-energy of the systems in terms of bare and dressed operators is defined as
This can be expanded, using (GoXG)ap = Y\ GaroZyy Gy, a8

(Gab(lg, t— t/) - Gab,O(gvt - t/)) ~

(_Z.lmg ]{dtl ]{db Ganro(k,t —t)Sara (F, ty — t2)Gawo(k,ta — 1)
+(_Z'15)2 fdtl ]{dh Gano(k,t — 1) S aipa(k, ty — t3)Gpao(k, ts — t)
+ (_2,15)2 ]{ dt 7{ dty Gapao(k,t —t1)Zpaar (K, t1 — ta)Gao(k, ta — t')
+ (_3@2 fdtl ]{db Gapao(k,t — 1) S papa(k, t1 — t2)Gpapo(k, ta — 1) (B.20)
But,

(T co(k, )l (k1) Yol T ep(k — @ t1)el(k — G t2) Yol T ea(k, ta)el (k. 1) Vo
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(T calk =G, t2)ch(k =G, 1) Yol T calk, t)ch(k, ) ol T calk, t)ely (. t2) Do

H55 [ [ S I T X)X () )¢

2!

(T ek, t)ch (B, t) Yol T ealk + G t1)elh(k + G, t2) Yol T ca(k, ta)c)(k,t) Yo

We can change the time from ¢, <+ t5, it will not change the value of the expression

Gap(kyt —t) — Gapo(k,t — 1) =

S Jutn [ e SN X))

(T epk + G, 1) (k 4+ t2) Yol T colk, )y (K, t1) Yol T cp(k,ta)cl (k,t) Do
( 3

+ —21‘) Cdtl/cdtg Y (-2 2 U T Xy (t)X_ g (E2) )

(T ep(k— 7 ta)cl(k =7, t2) Yol T calk,t)ch(k,t1) Yol T ca(k, ta)eh(k,t) Yo
(

—i)° q q
+ 2!) dt /Cdtg 22 ST Xy () Xy (t) ) x

(T calk+q,t)cl (E+T 1) Yol T calk,t)ely (k1) Yol T ek ta)eh (k) Vo

(=i)® 3 q, g
—+ dtl dtQ X ??< T X—ql (tl)Xq’ (tg) >X
C
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(T cp(k = t)ch(k— G ,t2) ol T calk, t)cy (K, t1) Yol T calk, t2)c} (k. ) Do

dt,
C

Y f]—ﬂ—qq—m T X (6) X, (1) )%

(T ca(k — j‘,tl)cE(E — & t2) Yol T calk, )l (B 1) Vol T ca(k, ta)el (k) Vo

an [ ar, X22q+ (T X_ /(1) X, (t) )%

(T ca(k, t)ch(k 1) Yol T calk + qﬂ 1) (k4 1) Yol T ea(k, ta) el (k1) Yo
Comparing the above equation with Eq. (B.20), we get

/2 / /
Saipa(k,t1 — t2) = (—i)(=iB)” xzz(—— (T X__/(t1)X 1 (t2) { T ep(B+a 1)y (F+d . 2) )o

’ ’

Emapa(htn = 12) = (D=8 X DT (T X)X () N T ealF 7 ek B4 712000
J

ro
q9_ 94

Sarar(F t1 —t2) = (=) (=iB)* x° > 7o (T X E0X () ) Tep(k—q t0)eh(F—7,t2) o
_J
q
Spaar(F,t1 = t2) = (—)(=i8)” x> 30 Z—T(—Z—T)( T X ()X (62) T ealf—d s e1)el (B -1 12) o

(T Xy ()X _y(ta) ) = D e (T X, (m)X_y(—n) )
This means, :
(T Xy (t)X_y () ) = 0(t, — ta) e 0712 L (¢, —t;) e woll—t)
Here, we use
Xo(t1)X_g(t2) = (bg(tr) + bLg(£1)) (bg(t2) + Bl (t2))

= by(t1)b_q(t2) + by(t1)bl(t2) + 0T, (t1)b_g(t2) + b, (t1)bE (22)

In Heisenberg representation,
b(t) = e ™0'b(0)

Because,

H = wblb, b(t) = 'b(0)e "
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Using expansion of e Ae=? we will get the required result. Therefore,

(BB () = e (B(0)bT(0)) = e~ )(G[b(0)b (0)|G)

_ p—iwo(t—t)
_ wnp (t1—t2)
Oty —t2) = _ZﬁZe 1=t
t1—t2
0(t —t
(= t2) —Zﬂ Z w, + 10
1 ewn(t17t2) 1 ew”(tlftQ)

SR (T X (X _ () )= e Y e o S
a —a —if 47 wn +iwg +i8  —if S —wn +iwg + 6

/ / 1 1 1 1
T X X 2 — =F— = _F I
(T Xy (n)X_g(=n) ) ﬁ(—iwn/+wo+5+iwn/+wo+5) 5t Cw)
(T caolk, t)cyo(k, ) Yo =D e (T cqolk, n)cho(K,n) o
n
Skt —t) = Z en(t—t) S (k1)
n
Therefore, the expressions of self-energy comes out to be
Sa1pa(F,n) = (—i)(=iB)? XQZ(— >Z<TX S X () W Teptd n=n)hE+d n—n"))o

Spapa(Ryn) = (=9)(—if) x22‘2‘ "*Z TX_ ()X (-n) (T ea+d n—n)eh(E+d n—n"))o
J

Q

Emm@,n):(—i)(—im?xzzqq—*‘” Z<Tx/<n IX_ ()N Tep(E=d sn—n")ch(F=da ,n—n"))o
i

Q

Spoa1(k,n) = (—i)(—iB) x> 3 q—f(——>z< T X)X _ (=0 ) (T ea—a ,n—n)ehE—q,n—n) o

Inserting the known values in the above equations,

2m(—(k4+ +a4+)?)

(E+ 0 +4m2((en —w )2 +a2 ) 6

2
Earpa(Fm) = (<0(=i8)* X Y- 1) Y %F(w,,) (
7 7

2m(2im((zp, — w /) +dog _))

Poama(Fom) = (0(i8)" X 75 o 25 5 (F+ a0+ am2 2402, )8
’ a m Zn = wn, al;-}—rf

2m(2im((zp, — w /) —iag _))

Sara1(E,n) = (i) (=i8)? x22 = 2 L, ,)( - - )
(qu) + 4m ((Zn*wnl) Jra}\.;_ﬂ) B

2m(—(k— —q-)%)

(F = 0t +4m2((en —w )2 +02_0)) 8

2
Zpaar(En) = (<)(=i9) ¥ (=) 30 S P, ) (
q n!
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Appendix B.
1 2m(— (k4 + q4)>
Sa1pa(Fin) = (—i)(—iB)° xzz(——w)/ —Emun/)( et ]
(F4+ D +4m2((zn —w )2 +02 )5
2m(2im znfw 7)) + i
Spap2(Fn) = (—i)(~iB)? xzzq_ q+(ﬁ)/ ——F(w D) it [+ 05eq)
s (F+ 0t +am2(n = w )2 +a2 )6
_ o 2m(2im((zp, — w /) —iap <))
Sarai(F,n) = (i) (~i8)? XQZ e [ 7*F(wnr) .
(-0t +am2(Gen —w 2 + %_q)) 8
- 2 oo dw ;1 2m(—(k_ — q_)2
Spaa1(k n) = (i) (=ip)® xzz(—q—;xm)/ S F(w ) e —a))
7 oo 2mi B (F =@t +am2(en = w )2 +02_)) 8
where
P _ 1 1
N &F —iw ; +wo + 6 1 iw s +wo+ 6

Solving the values of integrations using Integrate route of Mathematica, we will get

2m(k4 + q4)% [NumA1B2)

2
Saipa(F,n) = (=)(=i8)? x> 3 (-5 x - —— -
q q B /(k+d* + 4m2a%+q ((k + 5)4 + 4m?2 (a%+a — (wo + iz-,L)z)) DenAl1B2

_ 4 ) [ = 2 2 2, .
NumAl1B2 = (k+ q)" — 2m (zzn (k:+q“)4+4m2alz+€+2m (_O‘E+i+w0 +zwozn))
DenAlB2 = ( (k+ 4 + 4m2o<ﬂ + 2m(wp — zzn))

4m? [NumB2B2]

Spapa(k,n) = (-i)(=if)? x> 30 =T
7 1 ¢ g ((E+ D1+ 4m2a%+q_) ((E+ §)t + 4m? (a%+_ . “71)2)) e
q

— (b — 4 _ - — 4 79 )4 2,2
NumB2B2 = (k + q‘) |:2m,277 (zak+ iwo + zn) (ak+§ izp ), [ (k+ @)% + 4m aE+(T

+4m agp _( ap _+w0+zzn) [( q_+w0) (E+q‘)4+4m2a%+q 721mzna,€+q}

DenB2B2 = (1/(k+q’)4+4m a- +2'm(wo 7'LG)>

4m? [NumA1A1]

Sara1(F,n) = (=i)(—iB)2 x2 3 = T8
e Z 7 9 g ((1‘5 -4+ 4m2a%_6) ((E — 4 + 4m? (a%_a — (wo + izn)2)> DenAl1A1l

NumA1Al = (k — @4 [(QE7‘7+ izn )4 [(E — D% + 4m2a% = 2imzn(a576+ wo + izn)]
c—q
+4m20‘;;_q~(0‘;;_q+ wo + izn) [(a;_a —wo),J(k — 9L+ 4m2a%_€ - 2imzn,a5_q{|
DenAlAl = ( [(k — @4 + 4m2a% _+2m(wo — izn))
—q

2m(k_ — q_)? [NumB2Al)]

Spaar(F,m) = (—)(=iB)? x* Z(—— - .
B./(k—* + 4m2a% . ((k — @)% + 4m?2 (a% o — (wo + izn)2)) DenB2A1
—q —9q
NumBQAl:(l;—q‘)4—2m (iz /(k—tf)4+4m a +2m (—a% +w2+iw z ))
k—q 0 0<n
DenB2Al1 = ( [(k — @4 + 4m2a% _+2m(wo — izn)>
—4q

‘We can find the following quantities by simply using Mathematica,

q— g+ 8im2zn

Sa1a1(k, )+ papa(k,n) = (—)(—i8)% x* Y — = x = —
g 1 4 [(k+q’)4+4m (m(wo + 22 +o¢< ‘)+w0 /(k+q’)4+4m2a%+q>] B
8m? g, [NumSAlAlMSBQBQ]

= q— q
Sa1a1(k,n) — Spapa(F,n) = (—)(=if)” x* Z = x
4q [(kE + @4 + 4m? o“+ DenSA1A1MSB2B2 8

(©Indian Institute of Technology Guwahati
TH-1429 10612106




Appendix B. 167

where,
NumSA1A1IMSB2B2 = (k + (}’)4 - 2M(2m(w§ + iwozn — ai—+q.) +izn (B + D4 + 4m2a%+ )
q

DenSA1A1MSB2B2 = ((E + @+ am? (—(wo +izn) 2 + a%+q,)) (Qm(wo —izn) 4 /(B + DL+ 4m2a%+5>

Den = (k4 + 4m2(zi + ai))ﬁ

‘We are looking for the most singular part of G, putting it to zero,

am?
DenfullNew = Den +

(=Za1B25B241 + 2a141¥B2B2)

) 2 2 )
—2im [k+2A152 +kZYp2a1 +2m(ag(Za141 — Xp2p2) —izn(Za1a1 + 25232))} =0

This gives,
B (k4 + (2m)* (=] + ai)) —i(2m)ay, (EAlAl(Ev n) — Ypapa(k, TL)) — (2m)®zn (2A1A1(Eq n) + EBQBZ(EvTL)) =0

Inserting known values,

8 [k + @m)? (22 +a2)]

8m2az, . [NumlT]
—i@m)ar x (=1)(=i8)° x> > —— - L
7 J(k+ Dt +4m2a2 ((k + @)t 4+ 4m?(—(wo + izn)2 + a2 )) DenlT 8
k+q k+q
2 . 2 2 8im2zn
—(2m)zn x (=)(=iB)° XD T— — =0 (B.21)
q [(k + @4+ 4m (m(wg +22 + Q%W) +wo, [+ + 4m2a%+é‘)} B
where,
L (7 4 _ 2, — a2 5 E 4 242
NumlT = (k + q) 2m(2m(wg + iwozn ak+é,) + iz /(k+ @)% + 4m aE-HI)
DenlT = <2m(wo —izn) + (I; + 9+ 4m2a%+ ﬂ)
q
Den = (k4 + 4m2(zi + ai))@ =0
Hence,
k4
i = 320 m+ai :j:iQE

Putting, the relaxation term in z, in a phenomenological way and assuming it is a complex quantity,
zn::tiQEﬁ»Fk’C, ek =Tk r+iTk1

Therefore,
2n = +iQp + T g+ Di

Inserting this in Eq. (B.21), after some simplification we obtain

B {k4 + (2m)* ((—m,; +Ter+iTk) + ai)}

8m2ar, . [T1N]
+2m)?a B x* 30 "

7 B+ Pt +am2a2 ((E+ @4 —am2(wo + Q- +i Ty g — Tp.1)2 + 4m2a2 ﬂ) T1D 8
k+q k ’ ’ k+q

2(Qp +1i _
—@m)}(Qp +iThr — T DB X233 gm(Q + il R ~Thp) _
' 7 [(E+*+am(T2D)] 8

TIN = (k + D* — 4m® (W] + iwo (=i + i g + @ Th,1) — 2m(Qp +i Ty r — T, 1)y /(F + D4 + 4m2a2

a2, ) —
k+q k+q

T1D = <2m(w0 —Qp =il r+Tr )+, /(k+D*+ 4m2a%+<)
q

T2D = m(wj + (=i + To,r +1 Tp,1)” + ai—+a) +woy /(K + 94+ 4m2a%+@
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From above equation, first two terms can be written as
4 2 . . 2 2
5[19 + (2m) ((_ZQE+Fk,R+1Fk,I) +O‘k)}

8m2az+‘7(T1N) 1

+2m)?ap8” XY —= —
7 \/(k + @+ am2aZ p (\/(k + @)1+ 4m?a2

g 2m(wp + QE +iTk, R — Fk,l))

1 1
=0

( [(k + )4 +4m2a%+q_+ 2m(wo + Qf + Tk, g — Fk71)> (Qm(wg - Qp — il R+ Ti,1) +,/(F+ D)4 +4m2a%+q_>

Using ComplexExpand routine of Mathematica, we can easily separate the real and imaginary parts of above equation, the real

X

and imaginary parts comes out to be, respectively,

(8m2agoyiqBx?(wo + Qk+q)(Fi,R — (Tr,1 — )% + (wo + Qpt)?))
Qtq(TF g+ Thyr +wo — Qe + i) (TR g + (=Tk,1 +wo + Qs + Dig)?)

—4m® T3 +4m? BT g +8m> BTy Q) = = >
q

and,

16m2 oot qBl, rRX2 (D 1 — Q) (wo + Qptg)
Dt q(TF g+ T, +wo = Qe + 1g)) (T} g + (=Th,1 + wo + Qe + Qi g)?)

(8m>BTy 1Ty g — 8m° BTy R2) = >
T

Using partial fraction, the above equations can be written as

Sm?2 2 Q 2 2
—am2BT2, + 4m?BT2 1 8m2BT, Q= — 3 o ka0 F Vhtq)) . () —~ - —5 ) .
7 A% 4q(Tr,r — Q)(wo + Qgq) Tirt @2 @ g+ @2
Bm2agaptqBx?(wo + Qtq)) 1 1
+>° [(Fk,l — )% — (wo + Qk+q)2} X == D 5 o =, 5
7 4Qp 4 ¢ (Tr,1 — Q) (wo + ke q) (T%,r+@?2) (T g+ (@)32)
and,
16m2 agapgqBx> (Tr,1 — ) (Wo + Lpetq) T'k,rR T'k,r
(3m2l3rk,lrk,R 5 8m25Fk,RQk) = Z td - ta SR S ey >
7 Qptq 4Tk, 1 — Q) (wo + gy q) irt @ i rt+ (@

z =Tk 1 two— Ok + Qg
y=-Tg1+wo+Q +Q4q

Using the following identity,
p

L &
i =@

the above equations can be written in terms of Delta function,

(8m2apapigBx2(wo + Qpig)) ™ 2 2
_ z)“6(z) — 5
A4 q(Tr, 1 — Q) (wo + Qi q) Tk, R B [( )o@ = W) <y)]

—4m? BTy, +4m® BTy, + 8m ATy, 1Qp = — >
T

2 2
S [k - 202 - a 2 (Bm agagteBx”(wo + Qpyq)) T s —
" 7 [( e W) (ot Tute) } . 4Qp 4 Tk 1 — Q) (wo + Lk q) 8 Tk, r () = o)l
and,

X m [5(y) — &(2)]

16m? : 20 —Q Q
(8m2 BT 1Tho r — 8m2BT% g Q) = 37 mTogagyeBx”(Tk, 1 k) (wo + Qrgq)
7 Qg 4Tk, 1 — Q) (wo + Qg q)

Simplifying the above equations assuming that I'y 1 < wo,

(apagrqgx?) (—Q8)% — (wo + Qpgq)? ™
Ty 19 = X —— [=6 —-Q Q
5, 192% E{? Dt “on) Trn [—8(wo k+ Qktq)]

O‘kak+qX2
T R = W X 7 [=8(wo — Qp + Uyq)]
q q
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Our focus is only on the real part of I

2
Trp= Y oKD o 5y — Q + Dty (B.22)

2Qka+q

Delta function gives,
—wo + Qe = Qg

Inserting all known values in Eq. (B.22) along with the above condition and
assuming that the energy of the system is very large, Eq. (B.22) reduces to

2 (21612 wr ) (21k+4|® wR
™ ( ™ w ™ w k12 |k +ql?
Xé|lwg— —+ —
x |k m m

For our easiness keeping k; = 0 and taking ky = k, the above equation can be written as,

? 12 2
2 (2k2 u.)8> 2(k“+az+2kazt+ay) wp " 5 ,
o @ @ < k2 (k® 443 + 2kqs + q,,))
X6 |wg— — + :

Thr=1 2 2
q 2 x - x (—“0 + %) L
2 (262w (o _yo 4 2 “R 2, 2 2
™ m W «o m w k2 (k= + q5 + 2kqz +qy)
Thr=2 6 (wo— — +
k2 k2
7 2X 5 X (—“’0 + 7) m m
2 2
2 WR (g + 2kqcosb)
T = — X4 —_——
k,R Z_WX 02 <w0+ .
q
2 2
w 2m oo q° + 2kqgcosO
Fk,R:Z”X271§ X/ d9|:/ q dq X6<w0+¥>:|
7 w 0 0 m
2
59 27
Ty r=>. mx T};X/o dol,
q
where R
oo + 2kqgcosf
fo= [T adg X(;(w“w)
0 m

The integration over g can easily be solved using the following property of delta function

3(q — i)
5 = i —=anii
q8[f(q)] % % ]

2 4 2kqcosd 1
qd < + (a” + 2kgeos )> = ‘2k Cos?@)+2q‘ (q — E(—2k cos(0) £ \/5\/k2 — 2muwq + k2 cos(29)))

m
m

Therefore,
(¢ + 2kqcosb)
+ e

oo s
I = d, X w
a4 /0 q aq 0 ™

/0 dq W& (q -3 (*21@ cos(6) + ﬁ\/kQ — 2muwq + k2 cos(29)))
m

=)

—kcos(0) + ky/cos2(0) — =z

1 (—2kcos(0) £ V2/EZ — 2mwg + k2 cos(20
2

2k cos(@)«#’;’xl —2k cos(0)+v2\/k2 —2mwg+k?2 cos(20) 0052(9)7ﬂQ
2 0 2%k K2
m

m
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Therefore, after integration over g, I'y g comes out to be

mw
s A 2 w?{ 27 a0 —V2k cos(0) + v2k,/cos2(0) — k20
k Ty X m mw
? 0 2v/2k, /cos2(6) — ?Q

= T
R (2m)2 w?

This can also be written as,

Tir= A YR % / 7 gy x Z080) Vo (6) — cos*(0r) (B.23)
0

WWX w? \/cos2(6) — cos?(6,)

where,

0 = Cos™! ( 77”;;:0>

The integration over ¢ in Eq. (B.23) will be valid only when both of the following

conditions satisfied simultaneously,

cos?(0) > cos?(0);  — cos(f) + \/cos2(0) — cos2(;,) > 0

These two conditions are satisfied only some particular ranges of 6, these ranges

of € can be found by using Reduce route of Mathematica, that comes out to be,

T— 0, <0 <7+ 0 0<0k<g

Integrating over € for the above ranges, we obtain

A whk m
Fl-:,R = (27T>27rX2w_§ X 5 X (7T =+ 29k)
. A Lwh m
Fk,R = Wﬂ'x E X 5 X (7T — 20k)

Therefore,
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B.5 Electron-flexural phonon Hamiltonian

Mechanical deformations causes fictitious gauge field induced phonons known as
flexural phonons. The relavant electronic and electron-phonon coupling Hamilto-

nians in one valley are given by

1{ 0 p 0o FY
Hel 2 9 ; Hel—ph = (+)t
m\ pi O E 0

where, py = p, £ ip, and Fj is the dominant coupling due to symmetric flexural

deformations, given by
Fy = 30, — i0,] )

with g3 = 32“ 95 the coupling strength. h(®) is a scalar field responsible for out-of-

qu "(bg+ 0" ,)

plane distortion.

iq-T g - s iq-T
F3 = g3(0, — 10,) Zﬁq 77 (bg + bT_q) = f?’ Z&;(zqy — 4ig,)e" " (b + bT_(T)
9 N I iqT
= 7> &ilts + ia,)e T (b + bL) Z&m T (bg + b1 )
q
93 iqT
HZ = Z Era+e (b +01)
Similarly, we can also find H, gfph. In continuum limit,

2 - 1 7 e 1 -
AP = f = E ik-7 ) — E —ik -7t
eph_/wFiﬂp? 1?(@—5 € ¢ w(k>—z e C

- =

k
1 Ll —-‘/ 93 F 1 kP T
HZS, = /dTZZe BTt (k Zéim (bg+bLg) - 7 D e™elk)
2 b

Z &t (b + b1 ) ()e(k) - (é/dmioz_;z@qw)

_._./
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where,
Xg= (b§+ b-l;(j’)
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