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Abstract

Conventional Rabi oscillations are studied using the rotating wave approxima-
tion (RWA). It is an approximation used for the approximate analytic solution of
time-dependent Schrédinger eqn. of a two-level system coupled to a weak electric
field in resonant with the transition. In this approximation, we remove rapidly
oscillating terms of the effective Hamiltonian, but its validity is limited to only
when the internal frequency of the two-level system is close to the external fre-
quency of field, i.e. in case of resonance. Far from conventional resonance, only
relativistic fermionic systems exhibit a new type of Rabi oscillation, which is ab-
sent in conventional semiconductors and two-level systems. Our aim is to study
nonlinear optics of these systems at the Weyl (Dirac) node, since all interesting
physics at low energy occurs in the vicinity of the Weyl(Dirac) node - particularly
the phenomenon of anomalous Rabi oscillation (ARO), which has been predicted
theoretically in single layer graphene by our group (and also by others where these
ideas go under the name of "Floquet theory"). In order to study this, we employ
an approximation known as asymptotic rotating wave approximation (ARWA). We
have studied this phenomenon as well as its conventional counterpart that occurs

close to resonance (ordinary Rabi oscillations) and verified the claims numerically.

Graphene is a prototype of a two-dimensional massless Dirac-fermion system.
The three-dimensional (3D) analog of graphene is called a Weyl semimetal. 3D
topological insulators (TI) have surface states that consist of massless 2D Dirac
fermions. These three systems have some features in common - in addition to being
composed of massless fermions, they possess spin-like internal degrees of freedom.
Such relativistic fermion systems are best characterized using the phenomenon of
anomalous Rabi oscillation (ARO) that occurs far from conventional resonance
and is unique to these systems. These oscillations are absent in two-level atoms
and conventional semiconductors. The main difference in the non-linear optical
response between graphene-like materials and Weyl semimetal (or surface state
states of TT) is the latter’s pronounced anisotropy in the wave vector dependence of
both the conventional and anomalous Rabi frequencies. A detailed analysis of this
anisotropy shows that in Weyl metals (or on TI surface), the Rabi frequency has
a form that resembles massless Dirac particles at certain points in the reciprocal
space. Hence, in these systems, both the quasiparticles and the collective modes
that exist in them in response to time-varying fields are ultra-relativistic in nature
whereas in graphene only the original quasiparticles are massless, but the Rabi
modes are massive. On surface states of TI, this anisotropy may be attributed to
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the Zeeman term. It is shown that the Zeeman term has no qualitative effect on
the conventional Rabi frequency, but its absence makes the anomalous Rabi modes
massless. A fully numerical solution of the Floquet-Bloch equations unequivocally
establishes the presence of not only anomalous Rabi oscillations in these systems

but also their massless character.

In two-level systems, it is recognized that conventional Rabi oscillations un-
dergo a shift in the resonant frequency which is the Bloch-Siegert shift. This shift
is quite small in such systems and hence largely of academic interest. The present
work shows that in graphene, such shifts can be substantial - especially upon the
inclusion of band curvature effects and Rashbha coupling. Both conventional and
anomalous Rabi oscillations are resonance phenomena, in other words, the ampli-
tude of these oscillations peak when the condition for resonance is obeyed. The
purpose of study the shift in the conditions for resonance brought about by (a)
the presence of strong fields upon the inclusion of frequency doubling effects or
(b) band anisotropy due to next nearest neighbor hopping or Rashba effect. We
refer to both these shifts as Bloch-Siegert shifts, although only (a) was envisaged
by Bloch and Siegert.

In science, verification of a theory is usually accomplished by performing a
suitable experiment. We have described pump-probe spectroscopy, which is used
to experimentally probe the phenomenon of anomalous Rabi oscillations - a central
idea in this thesis. In this experiment, two successive laser pulses are used, one
for exciting the system in a certain way, called pump pulse and other to test it
after a variable time delay, called probe pulse. This simply involves looking for
periodic oscillations in the differential transmission coefficient versus pump pulse
duration (alternatively, the area of the pump pulse). When all else remains fixed
(including pump-probe delay), these plots exhibits oscillations with a frequency
corresponding to the anomalous Rabi frequency. Furthermore, the amplitude of
these oscillations decay as a power law in the pump duration with a characteristic

exponent that is indicative of the particular system under consideration.

Furthermore, it is shown that ARO exists even if the EM field is treated quan-
tum mechanically. This establishes that the AROs are not due to approximations
or assumptions we have made. By using probability amplitude equation, we have
studied anomalous Rabi oscillations in the presence of a quantum field. Finally,
we described limiting case, how these quantum result will convert in the classical
result. New phenomena such as zero-point or vacuum anomalous Rabi oscilla-

tions are seen. Therefore, it is no exaggeration to say that the anomalous Rabi
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oscillation is a phenomenon that is uniquely suited to study condensed matter

realizations of relativistic systems.
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Chapter 1

Introduction

Topological states of matter has become one of the most important research ar-
eas in the field of condensed matter physics and materials science [1-4]. A new
class of semimetals, known as topological semimetals, has generated interest due
to experimental observation of Weyl and Dirac semimetals [5-7|. Dirac and Weyl
semimetals are two specific types of topological semimetals, where low energy bulk
excitations are described by Dirac and Weyl equations, respectively. In case of the
Weyl semimetal, either time-reversal (TR) or inversion symmetry is broken [8].
The low energy physics is described near the Weyl point by three-dimensional
(3D) two-component Weyl fermions, H = +veo - p, where o is the Pauli matrix
and p is the momentum as measured from band touching (Weyl) points [9, 10]. In
presence of both the TR and inversion symmetries, a 3D Dirac semimetal state is a
four-component Dirac fermion composed of two Weyl fermions of opposite chirality.
There is an additional symmetry viz. crystal rotational symmetry, which protects
this Dirac semimetal [11-13]. The Weyl points can be separated in momentum
and energy by breaking TR and inversion symmetry, respectively [14]. In both sit-
uations, the Fermi surface of surface states also splits into open segments, which
are Fermi arcs discussed in Weyl semimetals [11-13]. So there should be qualita-
tive and quantitative differences in the properties of Dirac and Weyl semimetals.
Topological semimetal is a gapless metal characterized by topological invariants.
This development leads to a broadening of the classification of topological phases
of matter beyond insulators. In case of topological insulators, only surface states
are interesting [2]. On the other hand, a topological semimetal has an unusual
band structure in their bulk and on the surface. In the bulk, conduction and va-
lence bands of a topological semimetal touch linearly at the Weyl points, through

which the bands disperse linearly along all the three momentum directions. There
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are many interesting phenomena in topological semimetals such as topological sur-
face states, chiral anomalies, quantum anomalous Hall effects and unusual optical
conductivity |15, 16]. The article of Mehrdad Dadsetani and Ali Ebarhimian [17]

has been the resource for much of the above description.

The era of Dirac-Weyl fermionic systems has started in the condensed matter
physics. These systems work as a bridge between condensed matter and relativistic
electrodynamics [18]. In presence of a strong oscillatory driving field, the typical
dynamics for the coherent interaction of two-level atoms with light is dominated
by a phenomenon known as Rabi oscillation [19]. This is an important effect
in various branches of physics such as quantum optics, magnetic resonance and
quantum computing. In this thesis, we study the phenomenon of Rabi oscillation
in systems such as graphene, topological insulator and Weyl semimetal and try to

make a connection between them.

1.1 Graphene

Graphene is a type of Dirac semimetal related to the family of carbon allotropes.
Carbon is one of the most important and abundant element found on the earth
after hydrogen, helium and oxygen. Diamond and graphite are two completely
different allotropes of carbon. Both possess different physical properties, due to
the different arrangement of carbon atoms in their structure. Diamond is insu-
lating and very hard, while graphite is conducting and lubricative. Fullerene was
the first artificial pure carbon material discovered in 1985 [20]. After that, an
intense research effort began for finding other allotropic forms of carbon. The
one-dimensional carbon nanotube was discovered in 1991 [21]. Graphene is a new
addition in the family of carbon allotropes. Due to its extraordinary 2D nature,
it became a Nobel prize winning discovery [22, 23]. Graphene is a 2D structure of
carbon atoms arranged in a honeycomb pattern. It was first synthesized in 2004,
by the group of physicists Andre Geim and Konstantin Novoselov at Manchester.
However, ultrathin graphite (not one atom thick) was described in the early 1960’s
[24-27|. By wrapping graphene, it can be made effectively zero dimensional (0D),
known as a fullerene, one dimensional (1D) known as carbon nanotube, it can
be stacked into three dimensions known as graphite. Graphene [22, 23| becomes
a bridge between condensed matter and relativistic electrodynamics [18]. It has
linear low-energy dispersion (energy vs momentum relation) near some specific

points called Dirac points [23]. Near these points, charge carriers behaves like
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massless Dirac fermions due to linear low-energy dispersion [28-33|. The conduc-

FIGURE 1.1: Band structure of graphene is shown where the conduction band and
valence band touch at certain locations in the reciprocal space known as Dirac points.
The linear energy momentum relation described in inset.

tion band and the valence band touch each other at the Dirac points, so it is also
called zero band gap semiconductor. The crucial difference between conventional
semiconductor and graphene is that graphene possesses charge carriers that obey
the relativistic Dirac equation near the Dirac point and have a pseudo spin degree
of freedom [23|, while conventional semiconductors have charge carriers that obey
a parabolic dispersion relation and do not possess pseudo spin. Graphene is a one
atom thick, single layer of graphite material fully comprises carbon atoms arranged
in a honeycomb crystal lattice [22, 23|. There are two triangular sub-lattices which
are labeled by ‘A’ and ‘B’ by splitting of honeycomb crystal lattice of graphene
in fig.(1.2). In graphene, there is no energy gap between the conduction band
and valence band, also no overlap between these bands as shown in fig.(1.1), so it
is also called ‘gapless’ semiconductor or semimetal. The two inequivalent points
where conduction and valence bands intersect each other, called Dirac points K

and K’ in first Brillouin zone. The charge carriers in graphene near these Dirac

1t
300

So these quasi-particles are generally known as massless Dirac fermions [34-36].

points obeys Dirac equation, having speed " of the speed of light in vacuum.
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> e
w @

Unit Cell

FIGURE 1.2: In this figure, we can see the ideal 2D graphene honeycomb lattice which
is the interpenetration of two triangular sublattices labeled ‘A’ and ‘B’ type of atoms.
There are two atoms per unit cell of graphene lattice (shown in the figure). The right
figure shows the unit cell since it effectively contains two atoms.

1.1.1 Geometry of Graphene

As we have described earlier, graphene is a allotrope of carbon with a honeycomb
crystal lattice. Each carbon atom contains four electrons in its outer shell called
valence electrons. Each carbon atom shares three electrons with its neighboring
carbon atoms. There are two types of carbon-carbon bonds known as sigma (o)
and pi (m) bonds. The valance orbital configuration of carbon atom is 2s?, 2p?.
There is a much smaller energy difference between valance orbital and the binding
energy of neighboring carbon atoms, which enables the wavefunction of electrons to
combine by the process known as hybridization [37]. Due to hybridization, carbon
atom has sp? hybridized orbital (orbital formed from one s and two p orbitals).The
o bonds are formed when 2s, 2p, and 2p, orbitals are mixed together. They lie
in the x-y plane with 120° angle between two neighboring chemical bonds. An
electron which resides in 2p, orbital forms a 7 bond aligned in the z direction. The
electrons of the p orbitals are free and responsible for the conduction and transport

processes in graphene. The trigonal planar structure in graphene is formed by sp?
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hybridized orbitals. By interpenetration of two trigonal planar structures, referred
to as A and B sublattices, graphene can be formed. The graphene lattice contains
two atoms per unit cell. The atoms at A sublattices connected with B type of
atoms with time reversal symmetry. The distance between carbon atom is 1.42 A.
The ideal monolayer graphene is depicted in fig.(1.2). Graphene has two direct
lattice vectors Ry and Ry and the nearest neighbor vector §; (i= 1,2 and 3) in real

space. The direct lattice vectors can be expressed as

3 3 3 3
R, = §dc—c T+ gdc—c ga R, = §dc—c T — gdc—c :g (11)

d._. represents the carbon-carbon distance (=~ 1.42A), |Ry| = |Ry| = v/3 do_. is
the lattice constant and = and ¢ are the unit vectors. The vector form of nearest
neighbor distances are given by

1 V3 1 V3

61 = §dc—c T+ Tdc—c ?j, 52 = édc—c T — Tdc—c Q, 53 =% _dC—C . (12>

By using this basis we denote the reciprocal lattice as points G. The volume of
reciprocal lattice space is called first Brillouin zone (fig.(1.3)) which is the interior
formed by planes that bisect the nearest neighbors in reciprocal space. The angle
between reciprocal lattice and direct lattice is always 90° shown in the fig.(1.3). T
denotes the center of the first Brillouin zone, corner points denoted by K and K’
are known as Dirac points. The conduction and valence band touch each other at
these points, so they become important for defining the nature of graphene. The

reciprocal lattice vectors G and Gy can be expressed by following relation
Ri . Gj = 27T(Sij, (13)

The reciprocal lattice vectors are

21 2T 21 21

= T+ y, Go= T — . 1.4
3dC*C \/gdc—c Y ’ 3dC*C \/gdc—c Y ( )

Gy

There are two sets of inequivalent Dirac points K and K in the first Brillouin
zone. Each set contains three equivalent Dirac points. In momentum space, these

points can be expressed

27 2 , 2 2
= T+ y, K T 1.5
3de—c ﬁdc_cy (1.5)

K _ _ i
3d._..  V3d,.

%https://asbury.com/technical-presentations-papers/introduction-to-graphite/
structural-description/
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Direct Lattice "t‘ Direct Lattice

Point e -~

Wigner - Seitz Primitive Cell (Minimum Bounded
Area)

Reciprocal Lattice

First BrillouinZone
(Wigner-Seitz Primitive Cell )

FIGURE 1.3: The first figure shows the Wigner-Seitz primitive cell obtained from the
direct lattice of graphene. Second figure depicts the reciprocal lattice of graphene,
making an angle 90° with the direct lattice. The reciprocal lattice vectors G; and Go
form the basis.
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1.1.2 Honeycomb Lattice (Graphene) i.e. Nearest-Neighbor (NN) Hop-
ping

For calculating the electronic band structure of solid materials, the tight binding
(TB) method is one of the standard methods. In this method, linear combination
of atomic orbitals is employed, explained in various text books [38, 39]. Localized
orbitals are associated with each atomic site in this approximation. So the wave-
function of the system becomes a linear combination of these basis eigenfunctions.
By solving these eigenvalue equations, the energy dispersion relation may be found
which determines the band structure of the given condensed matter system. By
using the tight binding approximation, P. R. Wallace had obtained the electronic
band structure of graphite in 1947 [40]. This enables a simple explanation of the
electronic band structure of graphene [41, 42|. In the first instance, we restrict our
attention to only the nearest neighbour hopping terms [43|. The nearest neighbor
tight binding Hamiltonian of graphene can be written as (we use units such that
h=1)

H=-tY (djgiaj(, + h.c.) . (1.6)

irj,0

If we denote the orbital on atom ¢ with spin o by (i, o) then

1 1RO
~t —ik-RY ~ 7
a: = — E e Ty 1.7
e /—N = k,o ( )

~

= ]. ’k/ 0 .

bo = —= Y M (RIHEG), 1.8

J \/Nk/ « k' ,o ( )
4]

Here N is the number of atomic sites and RY is the reference point within the unit
cell. We have chosen atom A as reference point RY then B type of atoms will be
the nearest neighbors of A and separated by nearest neighbor vectors d;, d, and

03 at an angle 120° with each other.

t X a7 ~
H— _N (e—szgdLgelk '(R?"'éj)bk"g + hC) , (19)
kK i,j,0
t —i(k—K ) RO ~ ik 6,7
H=—t Z (et IRG] M by 4 hc.) (1.10)
k.k ,i,j,0

Ifk #k
D et kIR~ (1.11)

%
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Ifk=k
D eriOR - N, (1.12)
H=-tY (eik"%aLUz}kﬁ + h.c.) , (1.13)
k,j,o
H=-tY (eik“‘j 0 o + €7 BLGakJ) . (1.14)
k,j,o

In matrix form it can be written as

~ 2 0 eik'(sj &k o
H==t3" |, || s .t (1.15)
k,j € 4 0 k,o
Nearest-neighbor distance &, = %dc,cfc + %gdc_cg), 0y = %dc,czﬁ — %gdc,cg) and
03 = —d._.z. Here d._. is carbon-carbon atom distance. This means
Z —te™®% — ¢ (eik"sl + k02 4 eik"s:”) : (1.16)
J
Then the Hamiltonian becomes
o 0 —te~tde—cka (ei%dkckﬁcos (@dcgcky) + 1)
| —teide—che (e‘i%d“—ckx2cos (\/ngc—cky) - 1) 0 '
(1.17)

Eigenvalues of this matrix will be

= +t,|4cos <;dc_ckx) cos (?dccky> + 2 cos (\/gdc,cky> + 3. (1.18)

In order to obtain the low-energy dispersion relation, we may expand the Hamil-

tonian of eq.(1.17) near the Dirac point. We write the wave vector k as
k=K+p, [|K|>>]|p| (1.19)

By using Taylor series expansion, the expression near one of the Dirac point K
will be

. . . 3t
Z ed — Z ¢! KFP)0 Z KO (1 +ip-08) ~ Edc_c(pm — ipy). (1.20)
5 5 5
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Extracting an overall factor —ie’ 9 that does not affect the physical results, Hamil-

tonian eq.(1.17) have the form

3t 0 e — 1
Hy = 2d, . ) ) (1.21)
2 (pe + Zpy) 0
Here, we define Fermi velocity as vp = %dc_c. This is called low-energy Hamilto-

nian of graphene, where, 0 = (0,,0,) is the set pseudo-spin pauli matrices. The

eigenvalue of above Hamiltonian is

3t
Ek=K+p)= Edc—c\/p%—i—pz = vp|p|. (1.22)

Similarly, the low energy Hamiltonian near another Dirac point K’

0 (P + Z‘py)

(e — ipy) 0 =uvp (0" p). (1.23)

HK’ = VUF

Here 0* = (0, —0,). Hamiltonians in eq.(1.21) and eq.(1.23) are linearly depen-

dent on momentum and related to each other by time-reversal symmetry [23].

1.1.3 Pseudospin in Graphene

The Hamiltonian of graphene H), (k) may be written as a 2 x 2 matrix, where A
and v refer to sublattices A and B and k is the crystal momentum. Using this,
valence and conduction bands of graphene are described. We consider the sublat-
tice degree of freedom as a pseudospin, with the A sublattice represents the |71)
pseudospin state and the B sublattice represents the ||) pseudospin state. There
is hopping of electrons from sublattices A to B and vice versa [44|. This creates
an effective magnetic field, which is proportional to magnitude and direction of
momentum measured from the Brillouin-zone corners. The Hamiltonian can be
defined as H) , (k) = —h(k).o),, here o represents Pauli spin matrix vector. This
Hamiltonian contains momentum-dependent magnetic field h(k), which works on
the pseudospin degree of freedom. The gap between conduction and valence bands
vanishes at points where the pseudospin field h(k) is zero. The momentum can
be written as a sum of wave vectors p = K + k near the K valley; we consider
that k is small and can be expanded in powers of the components of this vector.
The Hamiltonian of the p orbital band for each spin and valley can be written as
H = —vk - o, which is the effective magnetic field, works on the pseudospin, in
the direction of the momentum k, i.e. helicity is conserved in graphene [45].
TH-1787_10612109
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Due to this interpenetration, there is an additional degree of freedom known
as pseudospin [46], which is absent in conventional 2D systems, which is the cause
of its exceptional electronic properties [46]. At Dirac point K, the eigenvalue
equation have wave function (k) contains the two component spinor function

and the Hamiltonian (1.21) may be written as
Hi (k) = E¢(k), Hg=uvp(o-p).

Here, E is the the eigenvalue of Hamiltonian, vgp denotes Fermi velocity near the
Dirac point K and o represents 2D pseudospin matrix corresponding to the two

sublattices of honeycomb lattice. The eigenvector (k) can be written as

[ Ya(k)
#lk) = ( p(k) ) '

So the above equation becomes

h( 0 pgg—z'py) (wk) ) . (wk) )
Pz + 1Dy 0 ¥p(k) Up(k)

By solving above equation, the two component spinor wave function and energy

eigenvalue will be

1 1
Vi (k) = NG ( it ) , E=ZLhvp /P2 +pZ, (1.24)

where 6 is the angle between between the wave vector k and to the x-axis and
the £ sign signifies the conduction band (or 7* bond) and valence band (i.e. 7
bond) respectively. The wave function around the other Dirac point (K') can be

found by similar way

Vex (k) = % < j:elwk ) . (1.25)

The projection of pseudospin along the direction of momentum called helicity of

electron may be defined as

We can see from above equation that the two component spinor wave function

i (k) is the eigenfunction of the helicity operator, it is possible to conclude that
TH-1787_10612109
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electron and holes in graphene have definite helicity. Near Dirac points, the elec-
tronic state are configuration of states, which relates to different sublattices giving
two component wave functions (spinors). These spinors needs an index to indi-
cate sublattice ‘A’ and sublattice ‘B’ and very much similar to the spin index in

quantum electrodynamics denoted as ‘pseudospin’.

1.1.4 Graphene Electronic and Transport Properties

As we have described earlier, the energy spectrum of graphene near Dirac points
leads to the energy-momentum relation: E = vp|k|, where k is the wave number.
This energy dispersion relation is similar to a relativistic charged particle. By
setting mass equal to zero and Fermi velocity equal to the velocity of light, Dirac
relativistic equation leads to the graphene energy dispersion relation. There is
very high electron mobility more than 15000cm?V ~1s~! under ambient conditions
in graphene which is verified experimentally [22|. Graphene nanoribbons show
the electronic resistance changes like step function, following quantum mechanical
rules [47]. In conventional conductors like copper or nickel, the electrical resistance
is proportional to the linear dimensions of the material (with cross-sectional area
fixed) as the electrons encounter more impurities while moving through it, but in
graphene nanoribbons that act like wave guide allow the electrons to flow unim-
peded along the edges of the material. So resistance of the graphene nanoribbons
becomes temperature independent. Also it does not depend upon the amount
current flowing through it. These properties are the matter of interest for experi-

mental and theoretical studies on graphene.

1.1.5 Graphene Optical Properties

Optical properties studied in the context of graphene are, optical conductivity,
optical Stark effect and Rabi oscillations [48-50]. In graphene, minimum quantum
conductivity was experimentally observed with a finite value of %, where h is the
Planck constant [51]. We are not able to see single layer graphene with our bare
eyes, however it can be realized experimentally. The interference based experiment
has been used to detect the single layer graphene on silicon dioxide substrate [22].
Graphene layer thickness can also be detected with contrast spectroscopy [52]. For
experimental detection of single layer graphene, plenty of experimental techniques
have been developed [53|. Raman spectroscopy is one among them, and is accurate
in detecting not only the single layer but also differentiate among the single layer,

bilayer and multilayer samples [54, 55]. Many experiments have been performed
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to study optical properties, such as optical Stark effect [49], optical conductiv-
ity, Rabi oscillations [49, 50, 52, 56, 57|, universal optical conductance [58-60],
measurement of fine structure constant [61], four wave mixing [49] and incoherent
optical properties like optical dephasing [57], relaxation of charge carriers, both
inter-band and intra-band in graphene and graphene based systems on various

substrate has been reported experimentally by pump-probe technique [62-67].

1.2 Topological Insulator

Topological insulators are peculiar quantum systems [2|, which have an insulating
gap in the bulk due to the presence of spin-orbit coupling, and possess intrinsic
Dirac metallic states at the surface. Physical properties of real systems are typi-
cally tied to a branch of mathematics known as (real or complex) analysis where
properties depend on the precise details of the underlying Hamiltonian. These
properties change significantly even due to trivial changes to the description of
the system. After the discovery of the Integer Quantum Hall Effect, it was noted
that there exist some physical properties that are more robust and do not change
when trivial changes are made to the underlying Hamiltonian. These properties
are more closely related to the branch of mathematics known as topology [68].
In topology, two geometrical objects can or cannot be smoothly deformed into
one another and are consequently considered topologically equivalent or inequiv-
alent, respectively. The eigenstates of two Hamiltonians that may be smoothly
deformed into each other are regarded as being topologically equivalent to each
other. A topologically trivial situation is one where the underlying space has
properties that may be characterized as trivial, and hence are uninteresting from
a topological point of view. The first nontrivial topological state observed in the
phenomenon of Quantum Hall Effect, where a 2D electron system subject to a

perpendicular magnetic field was seen to possess a quantized Hall conductivity
[69].

In 2005, C. L. Kane and E. J. Mele discovered a new model to obtain a non-
trivial topological states without breaking time-reversal symmetry in absence of an
external magnetic field, based on the spin-orbit coupling applied to the graphene
model Hamiltonian [70]. Firstly, this model shows the phenomenon of Quantum
Spin Hall effect, also known as a 2D topological insulator and opens the way for
the investigation of a new topological class, called Z5 topological insulators. This

concept is expanded further in the 3D topological insulator. The 3D TIs are the
TH-1787_10612109
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systems having 2D exotic metallic states at all interfaces with vacuum or another
dielectric. These topological edge states are protected by time-reversal symmetry
and due to spin-orbit coupling, they are spin-momentum locked, which means that
the direction of their motion uniquely determines their spin polarization and vice
versa. On the edge states, the back-scattering from non-magnetic impurities is
prohibited as long as time-reversal symmetry is maintained. Hence, 2D energy-
momentum relation of carriers on these conducting states is linear. One or more
Dirac cones of massless particles, such as the ones characterizing graphene are
seen on the conducting edges. These peculiar properties are useful in applications,

especially in the fields of plasmonics and spintronics |71, 72].

In following section, the history and development of Hall Effect is described in

chronological order and a relation is made with topological insulators.

Hall Effect

When a conductor carrying a current subjected to a perpendicular magnetic field
B, due to the presence of the Lorentz force, the charged particles inside the sample
are deflected and accumulate near the boundary. Due to charge accumulation at
the boundary, an electric field is generated. This field creates a voltage difference
between the two boundaries and the value of it is Vg = E W (W is the width of
the sample), and the value of the electric current inside the sample is I = ¢ p.v W
(pe is the density of the charge carriers). The ratio between the voltage to the

electric current is known as the Hall resistance

Do — 1.27
71 gp (1.27)

Ry is linearly proportional to the magnetic field B. On measuring Hall resistance
in ferromagnetic or even in paramagnetic metal, an additional contribution other

than the linear term in the magnetic field is seen [73].

Anomalous Hall Effect

In a ferromagnetic material, Hall resistance is directly proportional to the magne-

tization M and the Hall effect remains even without a magnetic field and the new
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Hall resistance is of the form
Ry = RyB + R4 M. (1.28)

The second part of resistance cannot be explained by the Lorentz force on a charged
particle; this arises due to the coupling of the electron’s orbital motion to its spin
and as such, this phenomenon is a relativistic quantum mechanical effect. In the
presence of an external electric field, there is a transverse force experienced by the
electron. This force is directly proportional to spin current of the electron, instead
of charge current as in the Lorentz force. So in one direction of the sample, there
are spin up electrons while the other direction contains spin down electrons. There
is an imbalance in the number of the electrons with spin-up and spin-down. This
becomes a cause for producing the anomalous Hall effect. In absence of magnetic
field and magnetization in a paramagnetic metal, Hall resistance disappears. Due
to spin-dependent deflected motion of electrons in solids, a new observable effect

emerges that is known as the spin Hall effect [74].

Integer Quantum Hall Effect (IQHE)

A new quantum state was discovered in 1980 that was characterized by a property
that was new to condensed matter physics known as the quantum Hall (QH) state.
In this state, the bulk of the 2D sample is insulating, and the electric current
flows only along the edge of the sample. The unidirectional flow of current averts
dissipation and gives rise to a quantized Hall effect. This state is a first example

of a unique quantum state, which is topologically different from all states of the

7L€2
h ?

which is a topological invariant and does not depends on material details [69, 75].

matter known before. The precise quantized value of the Hall conductance is

Here e is the elementary charge and h is Planck’s constant and n is an integer.

In mathematics, different geometrical objects can be explained by broad classes
of topology. According to the mathematical concept of topology, 2D surfaces can
be classified by the number of holes or genus present inside them. Surface of an
ellipsoid and surface of a perfect sphere are topologically equivalent because we
can smoothly deform one into the other without creating any holes. Similarly,
due to the presence of a single hole, the coffee cup is topologically equivalent to a
donut. In mathematics, topological classification concentrates on the fundamental

distinction of shapes and cast aside small details. In physics, a phenomenon like
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Hall conductance is of topological origin, remains unaffected by small changes in
the sample [68].

The specific phenomenon like QH effect works like a bridge between physics and
topology. The smooth deformation works as a key concept for relating physics and
topology. Smooth deformations are those that do not involve the tearing or gluing
of spaces. Many topological equivalent classes are generated by the operation of

smooth deformation groups |2, 3].

There was a concept of the genus, in terms of an integral over the local cur-
vature surface introduced in Mathematics, which is a topological invariant [68].
Typically, integrals depend on details of the surface geometry, but due to the
concept of genus the value of the integral over local curvature is independent of
such details and depends only on the global topology. We can use this concept in
physics; a topologically quantized physical quantity can be expressed as invariant
integrals over the frequency-momentum space |76, 77|. The nature of the quantum
state can be determined by such quantities, which works as a topological order

parameter.

There is not sufficient space for electrons near the edge, so their motion can not
complete a circle and hit the boundary before the circle can be completed. The
electron will be reflected by the boundary and start making another circle and
hit the boundary again. So electron moves in one direction near the edge state
and the direction is determined by the B field. These edge states are responsible
for quantized Hall conductivity, are known as the chiral edge states, depicted in
fig.(1.4). The electrons of the bulk do not participate in the motion of electrons
which move along edge states. Unlike in an ordinary 1D wire, here electrons
move in one direction only while in a conventional 1D wire, electrons move both
directions. The importance of this one-way current is highlighted upon including
impurities. The impurity causes reflection of the electron in ordinary 1D wire and
this reflection is the main reason why we have a resistivity at low temperature.
However, due to one-way chiral edge state, impurity will not be able to reflect
electrons, since it cannot move in the opposite direction. If impurity comes in the
way of electrons, it goes around the impurity and keeps moving forward. So this
is a reason behind the accuracy of quantized Hall conductivity, which becomes

independent of the number of impurities.

'M. Z. Hasan and C. L. Kane, Reviews of Modern Physics 82, 3045 (2010).
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F1GURE 1.4: The figure depicts the interface between a quantum Hall state and an
insulator with a chiral edge mode. (a) The incomplete (skipping) cyclotron orbits
in quantum Hall state are seen. (b) The band diagram of a semi-infinite edge in a
topological insulator with a Chern number of C = 41 is shown. A single edge state
connects the valence band to the conduction band *.

For the quantum Hall effect, it is necessary to suppress spin-flip scattering 2 of
the conduction electrons. For this, first we require a magnetic field which is large
enough to make the Zeeman energy big enough so that the up-spin and down-spin
Landau levels do not overlap and very low temperature so that only one of these
spin-split Landau levels has a significant thermal occupation. If we put a neutral

particle in 2D then the Schrédinger equation will be in the form
0(r,) = |5 (~ihu)? + 5 (=i, 2| bz, ) (1.29)
10p(,y) = |5 (=ihs 57, 0y x,Y). .

On considering the particle with charge e then momentum operator p will be
p— §A>, where A is the vector potential, and change i0; will be (i@t — e%),

where ¢ is the electric potential (minimal coupling). So

1 > 2
(i@t _ e%) Dz, y) = [% (—max . ZAI> 5o (—may _ EAy) } W@, y),
(1.30)

2Spin-flip scattering is a process that leads to the non-conservation of the difference between the

number of upspins and downspins.
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1 2 1 2
i (z, y) = [% (—max - ZAI) +5- (—zhay - gAy) + e%} b(, y).

(1.31)
So
1 , e 2 1 _ e 2 o)
H= [% (—ino. - EAx> 5o (~ind, ~ EAy> + ez] . (1.32)
Here £ = 0, so ¢ = 0. The vector potential satisfies
V x A =0,4,—-0,A, = B. (1.33)

The vector potential A is not a physically observable quantity. For a particular
value of B field, A is not unique. The relation between B and A is (V X A = B),
so if we choose A" = A + V then value of B does not change i.e. V x A’ = B.
So there are lots of choices for A arbitrarily and they all give the same physical
results. This is known as a gauge choice. In our case B is a constant, so we can
select A, = 0 and A, = Bz (Landau gauge) and A, = —%, A, = B% (symmetric
gauge) or any other gauge. On considering Landau gauge

. 1 ) 2 1 . e 2
H= {% (—ih0,)” + o (—2h8y - EBm) ] : (1.34)

By solving Schrodinger equation we get the energy eigenvalues

1\ eBh
e, = (n + 5) iy (1.35)

cm

In chiral edge states, electrons move in one direction and the quantized conduc-
tivity is determined by these edge states. The number of edge states in the top of
2D sample is

dp dr dp
N = = —. 1.
/ 2rh 2wh (1.36)

So the number of edge states per unit length will be

N / 2 (1.37)

M dp kpigy — k —
p F top F Htop 2
6 10 p— pu— = . 1-38
ttop /k 21h 21h 27h Vpiop ( )

F
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Here 1 is chemical potential i.e. energy required to add an electron. So net current

on the top edge:

Prop = _ fuop =i _ €V/2 eV
]o = o) ) op — 0] = - - 2" 1.39
top = EUFtopOThiop = EVFY Porh UFtop € 2mh c 2mh 2mh 2 ( )
Similarly,
eV
 A— 4 1.40
bl 2mh 2 ( )

It may be noticed that the currents in both edges are flowing in the same directions.
The top edge has more particles moving towards right, it makes direction of total
current [ is right and bottom edge has less particles moving to the left, so the net

current is also towards the right,

e? e?
I=1 T = — V==V 1.41
top + Lpottom o FLV > V. ( )
So the Hall conductance will be
1 I €
iy - _ - _ o 1.42
Ry V. & ° (1.42)

There are n edge states, so conductivity will be

I 2
J:v:n%, (1.43)

There is only one sense of the current, so no reflection and no backward scattering
are permissible. This is the reason behind quantization of o, so precisely, hence

impurities does not effect the sense of the current.

The integer quantum Hall state (QH) [69, 75] is a simplest example of a topo-
logical state. The integer C represents an integer topological invariant (also called
a first Chern invariant). Later it was explained [77| that the topological invariant
C (known as the TKNN invariant) can be calculated by a surface integral of the

Berry flux over the Brillouin zone (BZ),

1 2 : 2
C= i XAde, ( 4)

where A; = i(u;|Vi|u;) denotes the Berry curvature, |u;) are the Bloch wave
functions, and the sum runs over the contributions from all occupied bands. Due

to the honeycomb lattice, graphene was initially regarded as a good candidate for
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1.2. Topological Insulator 19

the first realization of a 2D TI, but due to weak spin orbit coupling, it is impossible
for it to support topological order |78, 79]. The material which possesses stronger

spin orbit coupling can be considered a TT [80, 81].

Spin Hall Effect and Quantum Spin Hall Effect

In 1971 Russian physicists Dyakonov and Perel proposed the spin version of the
Hall effect, known as spin Hall effect. There is spin accumulation of electrons on
the lateral surfaces of a current-carrying sample, the signs of the spin orientations
being opposite on two opposite boundaries. On reversing the direction of the
current, the direction of spin orientation is also reversed. This effect has been
verified experimentally in GaAs and InGaAs thin film and spin light-emitted diode
of p-n junction [82].

The presence of external magnetic field is necessary for Quantum Hall Effect.
A new phenomenon has been discovered which is quite similar to Quantum Hall
(QH) Effect, but it is time reversal invariant and does not require an applied
field is called quantum spin Hall effect (QSHE). This peculiar phenomenon is
found in some specific materials and only depends on its topology and not on
microscopic details. Due to topological distinction from all previously known states
of matter, these materials are known as a topological insulator. QSHE is a state
of matter that exists in special 2D semiconductors, possess a quantized spin-Hall
conductance and a vanishing charge-Hall conductance. The integer quantum Hall
state and quantum spin Hall state are closely related to each other. Both states can

be realized on a lattice without the application of a large magnetic field |70, 83].

The time reversal (TR) symmetry breaks explicitly in QH states due to the
presence of magnetic field and each QH state belongs to a particular topological
class. A new topological class of material has been developed recently, which is
invariant under TR, and where spin-orbit coupling (SOC) plays an important role
[80, 81, 84], known as Topological Insulator (TI). These are peculiar materials
of condensed matter physics which are insulators in the bulk but have exotic
metallic states present at their surfaces. In such materials, there is quantum-Hall-
like behavior in the absence of a magnetic field. There are two distinct classes for
all TR invariant insulators in nature (without ground state degeneracy), classified
by a Z5 topological order parameter. There are gapless edge or surface states
with an odd number of Dirac fermions and a full insulating gap in the bulk in

the topologically nontrivial state. If time reversal symmetry preserved in bulk

TH-1787_10612109



20 Chapter 1. Introduction

but broken on the surface, the topological property is seen more dramatically
in which case the material is fully insulating both inside the bulk and on the
surface. The 2D version of the topological insulator, addressed as the quantum
spin Hall (QSH) insulator, was first theoretically predicted in 2006 [80, 81| and
experimentally observed [85] in HgTe/CdTe quantum wells (QW). The salient
predictions of experimentally measurable topological effects can be done by using
Topological Field Theory (TFT), which works in the long-wavelength and low-
energy limits [86]. Thus we can say QSH state in 2D can be assumed as two
copies of the QH state, where states with opposite spin counter-propagate at the
edge. A big question is regarding the stability of edge states in the QSH state. In
2005, Kane and Mele has shown, the stability depends on the number of pairs of
edge states. If there are the odd number of pairs, then it is stable, whereas in the
presence of the even number of pairs is unstable |70, 83]. A Z, classification was
proposed by them for TR invariant 2D insulators. The above information is taken
from article of Xiao-Liang Qi [3]. The development of quantum Hall effect in the

following section is important to understand the theory of TI.

1.2.1 Honeycomb Lattice (Graphene) i.e. Next Nearest Neighbors
(NNN) Hopping

Topological insulator was first described in Haldane model beyond quantum Hall
effect [36]. Haldane had taken next nearest neighbors (NNN) hoppings in hon-
eycomb model of graphite and assumed their hopping amplitudes are complex.
For making simple model, we have chosen all NNN bonds have same amplitude
and same complex phase. Hopping strength phase is ¢ in forward direction and
—¢ in an backward direction. By applying staggered magnetic field B, complex
phases can be raised. B is positive in the vicinity of the center of the hexagons
and negative near the edges. If we move a particle around a closed contour, the
phase difference between the final and initial states is proportional to the magnetic
flux enclosed by the contour ¢ = § [[ B -dS = § ¢ A - dl, this effect is known as
Aharonov-Bohm effect. Consider three lattice sites a, b and ¢ possessing hopping
strengths ., tp. and t., respectively. When the particle goes from a to b, from b

to ¢, and back from c to a. The total hopping strength around the loop will be

Lastoclea = [tap e’ [the| '  [ta|e™ = [tap the tg|e P oretéee)  (1.45)
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Then electron has phase:

Pab + Pre + bea = %//B .dS. (1.46)

For making above phase nonzero, B should be non-zero inside the triangle made
by these three sites. There is no physical meaning of individual phases for t,,,
tye and t.,, they are actually gauge dependent. Only the total phase on a loop

possesses physical meaning. The phase along one segment is

e [P
¢ab = ﬁ/ A -dl. (147)
Using gauge transformation: A — A + Vx

e

h. (1.48)

b

b= G = [ (A9 dl= 60+ (0~ )
Due to dependence on gauge choice, physical observation of ¢4, is not possible.
The total phase around a loop is different, which is a loop integral of A and gauge
independent because 7 § Vx -dl =0 and the physical meaning of this integral is
the magnetic flux. The complex hopping strength is due to B fields and breaks
the time-reversal symmetry because of B — —B under time reversal (so we can

say, under time-reversal, there should be flip in the sign of all these phases).

When there are hoppings from an A-site to an A-site (and from a B-site to a

B-site), we called it NNN hoppings. In case of A-to-A hoppings, the three different

types of NNN bonds are formed, along 6 = 0, %’r, 4?”. Similarly it is true for B-to-B
hoppings. So the Hamiltonian becomes
Hynn = —t'e* Z aliariJr,,l —t et Z ali+ul Oy, —py — t'e ali_us (U,

+h.c. + (a — band ¢ — —gb).
(1.49)

Here, vy = (\/ga, O) — (2a cos(30°),0) and vy = (—%ga, %a) and v3 = (—%ga, —3a).

So in momentum space
Hyny = —t' et Z aLak (e’ik"’l + e k2 e’ik"“) + h.c.
Kk

+(a = band ¢ — —¢) (1.50)
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After writing Hermitian conjugate properly, we got
Hyny = =2t Zaﬂak [cos(k - vy — @) + cos(k - vy — @) + cos(k - v3 — @)]
k
—2t' Z blby [cos(k - vy + @) + cos(k - v + ¢) + cos(k - vs + ¢)] .

’ (1.51)

H = H + Hww = 3 (] ) ( ) T ) ( o ) Cam
Here

Hyp(k) = —t (e 4 g7 4 o7k | (1.53)
Hgl(k) — ng(k)* — (eik.51 + eik.62 + 6ik.53) , (154)

Hy (k) = =2t Z alarcfcos(k - vy — @) + cos(k - vy, — @) + cos(k - vs — )],
k

(1.55)

Hy(k) = —2t Z bibi[cos(k - vy 4 ¢) + cos(k - vy + @) + cos(k - v + ¢)].
K
(1.56)

On computing the eigenvalues of H(k), it is found that the two bands never overlap
each other for any k (when ¢ becomes non-zero and ¢ is not an integer times 7).

Using Pauli matrices:

H = Hyk)I + H,(k)o, + Hy(k)o, + H.(k)o, (1.57)

_ Hn(k> + HQQ(k)

Hy 5

— —2t cos ¢[cos(k - vy) + cos(k - vy) + cos(k - v3)],
(1.58)

_ H(k) — Hy(k)

H,
2

— —2t sin ¢[sin(k - vy) + sin(k - 1) + sin(k - v3)], (1.59)
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H, = Re[Hy (k)] = —t[cos(k - 6;) + cos(k - 82) + cos(k - 83)], (1.60)

H, = Im[H (k)] = —t[sin(k - 61) + sin(k - d2) + sin(k - d3)]. (1.61)

The energy dispersion is

2 (k) = Hy(k) % \/Ho (k)2 + H, (k)2 + H. (k)2 (1.62)

In absence of the complex NNN hoppings Hy = H, = 0, so the dispersion

ex(k) = 2/ H, ()2 + H,(K)?. (1.63)

H, = H, = 0 at K and K, therefore the two bands become degenerate (in

FIGURE 1.5: The plot between energy dispersion e+ and k; and k, for both bands in
the first Brillouin zone.

absence of the complex NNN hoppings), so

e+(k) =0 which denotes the Dirac points. (1.64)
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So in the presence of complex NNN hoppings, at K and K', H, = H, = 0 but
H. # 0. The two bands have gap

er(k) —e_(k) = 2y/H (k)2 + H,(k)? + H.(k)? =2 | H.(k = K) |
= 6v/3t'sing.  (1.65)

The above eq.(1.65) calculates the gap is shown pictorially in fig.(1.5). In fact, at
the K point

H, = —3/3t sin ¢. (1.66)
At the K’ point

H, = 3V/3t sing They possess opposite signs (as long as ¢ is not nw). (1.67)

1.2.1.1 Potential Energy (Breaking Inversion Symmetry)

Consider the following choice where the NNN hopping terms are set to zero

Hpotential = (V + M) Z a;rai + (V F— M) Z bjbl,

)

HPotential = (Z a;‘rai + Z bIbZ> + M (Z a;‘rai - Zb;rbz> 9

We add just a constant term M in potential energy V' (average potential between
A and B sites), due to conservation of total particle number N. Therefore the V'
term can be left out and the difference between the potential energies at A and B

sites (M) is considered. In k-space

Hpotential = MZGICH — MZ b,Tbi = Mzazak — MZ bLbk, (1.69)
i 7 k k

k

:;(az bL)MJZ<Zk>. (1.70)
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So the o, component of the Hamiltonian becomes a cause of gap opening at the
Dirac point as in NNN complex hopping. In absence of the complex NNN hoppings,
the gap is 2M at K and K, and the system becomes a trivial insulator at half-
filling.

1.2.1.2 Joint Presence of Hp,ientiaq and Hynn

If H. has the same sign at K and K' points, only one wave function is sufficient
to cover the whole BZ, so the Chern number C = 0 (trivial insulator). When H,
has opposite signs at K and K', the system becomes a topological insulator with
C = +1. So value of H, at the Dirac point K is

H, = M — 3/3t sin ¢. (1.71)
At the K point
H, = M + 3V/3t sin ¢. (1.72)

If | M| < 3v/3t' sin ¢, the system becomes a topological insulator (H, changes it’s
sign). When |M| > 3v/3t sin ¢, H, is always positive (or negative) and thus the
system becomes topologically trivial. When value of |M| becomes 3+/3t sin ¢,
there is a topological transition. So H, becomes zero at either the K point or the
K' point. The value of H, = H, = 0 at these two points, so the gap must vanish
at one of the two points. There is a band crossing in the system (either at K
or K', depending on the sign of M and t'sin¢ ) at the transition point and the
system is not an insulator. At the topological transition point, the insulating gap

closes. This derivation is taken from reference given in footnote?.

So the two basic differences between the model of Haldane and the quantum
Hall effect are: (1)In the Haldane model, the Magnetic field B is on average zero
but in the QHE, it is a uniform B field (2) In the Haldane model, the lattice
background potential is very strong but in the QHE, there is a weak lattice po-
tential. By using Haldane’s model, time-reversal invariant topological insulators
was proposed. These materials have been theoretically predicted and experimen-
tally realized in Cr-doped (Bi;_,Sby)2Tes thin films [87] and in ultracold fermion
systems [88].

3http://www-personal.umich.edu/~sunkai/teaching/Fall_2012/chapter3_part7.pdf
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1.2.2 Kane-Mele Model

Haldane has proposed his model for spinless fermions. This model can be gen-
eralized for an electron system with spin, which becomes doubly degenerate if
fermion-fermion interactions are ignored. At the edge channel, electrons become
chiral, start to flow around the boundary in the counterclockwise direction for
Chern number C =1 and in the clockwise direction for C = —1, which is charac-
teristic of Quantum Hall Effect. In 2005, Kane and Mele [70] proposed a general-
ized Haldane model for the graphene lattice model of electrons with spin % A new
quantum phenomenon has been predicted viz. the Quantum Spin Hall effect, to
replace the periodic magnetic flux by the spin-orbit coupling between electron spin
and momentum. When system possesses time reversal symmetry, electrons with
spin-up in the edge channel flow in one direction, while electrons with spin-down
in the edge channel flow in opposite direction, Iy = —1;. So net charge current in
two edge channels becomes zero, I, = I + I} = 0 as a net charge current breaks
time reversal symmetry. Only a pure spin current circulates around the boundary
of system, I, = TZ([T — I}). In the Quantum Hall Effect, time reversal symmetry
is broken due to the magnetic field, but due to the spin-orbit coupling, this sym-
metry is preserved in Quantum Spin Hall effect since the momentum p — —p and

spin 0 — —o under the time reversal (the description in this section is taken from
the book [4]).

Quantum Hall insulators are formed using a B field (uniform or staggered).
Spin-orbit effect and external B field are really similar to each other, B for spin
up electron and —B for spin down electron. We may consider Kane-Mele’s model
as two copies of the Haldane model, one for spin up and one for spin down con-
figurations. There are opposite phases in complex hoppings for spin up and down
electrons. Chern number C =1 for spin-up quantum Hall state and C = —1 for
spin down quantum Hall state and whole system posses C = 0 (no Hall effect),
but this is an insulator with metallic edge states. Haldane model uses staggered
magnetic field for complex hopping terms. But in Kane-Mele model, the the
complex hopping terms was induced by spin-orbit coupling terms (spin-dependent
hopping). So time-reversal symmetry is preserved. So

Hll(k) H12(k) 0 0 akT
. Ho (k) Has(k 0 0 b
H:Z( QLT bITcT ah bh ) alk) Halk) M (1.73)
& O 0 Hll(k) Hgl(k) aki
0 0 His(k) Hoo(k) bry

In an ideal model, hybridization between spin up and down electrons is taken to

be zero (the lower-left and upper-right corners of Hamiltonian are assumed to be
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zero). In a realistic system, there are additional terms that hybridize the spin up

4

and down electrons (additional terms in the Hamiltonian)*. By including these

extra terms in the model, Kane and Mele found:

e Time reversal symmetry is the cause of edge states protection. When time-
reversal symmetry is broken, edge states disappear and the system reverts to

a trivial insulator.

e This means there are two types of insulators: no edge states (trivial) or 1
pair of edge states (topological). This is to be distinguished from integer
quantum Hall effect (IQHE), which possess any number of edge states. Due
to presence of 0 or 1 pair of edge states, we called these insulators as Z,

topological insulators.

If we include Rashba term, the system becomes complicated since o, is no longer
conserved and the electrons with spin-up and spin-down are coupled together.
There is a mixing of electrons with spin-up and spin-down in Kane-Mele model;
it is not possible to separate the whole system into two independent parts as in
the case of Haldane Model. It is not possible to introduce a spin-dependent Chern
number to describe this new phase. So Kane and Mele introduced Z, invariant to

describe it.

The first proposal of QSHE state was in graphene, due to it’s huge theoreti-
cal contribution to the discovery of this new topological phase. However, it was
soon found to be unrealistic due to the weakness of spin orbit coupling (SOC) in
graphene (the gap opened by SOC in graphene is on the order of 107 eV [78]).
This type of material is experimentally realized in heavy elements, which would
show stronger SOC. Firstly, it was proposed by B. Bernevig et al. in 2006, which
predicted QSH effect in HgTe-CdTe semiconductor quantum wells [80]. There was
a proposal of Zy topological invariant of the QSHE in 3D systems in 2007 [89].
After one year in 2008, D. Hsieh et al. reported the first experimental observation

of a 3D topological insulator in Bi;_,Sby [90].

1.2.3 Terahertz and Infrared Study of Topological Insulators

The dynamics of charge carriers can be well measured by infrared spectroscopy - a

powerful tool for this measurement. By this measurement, it is possible to study

‘http://www-personal.umich.edu/~sunkai/teaching/Fall_2013/chapter7.pdf
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low-energy electronic excitations and their interaction with other excitations of the
system (eg. phonons). Due to residual conductivity associated with the bottom of
the bulk conduction band, reflectivity measurements on TT single crystals creates
the same problems as transport measurements to detect the surface states signal.
This problem is solved for instance by Di Pietro et al. [91], A. D. LaForge et al.
[92] and A. B. Sushkov et al. [93].

However, when we deal with thin films, the situation is different. In 2012, N.
P. Armitage’s group [94], have done an optical characterization of BisSes molec-
ular beam epitaxy grown thin films. They reported [95] time-domain terahertz
spectroscopy measurements on films with thickness ranging from 2 to 128 QL, the
spectra at 5K. This data shows a distinctive Drude-Lorentz behavior, indicating a
contribution from both free carriers and crystal vibrations. Using Drude Lorentz
analysis, these authors found the free carrier and phonon 2D spectral weight sep-
arately, defined as (w,/27)*d and (S,;/27)*d, where w, is the plasma frequency,
Spn is the phonon intensity and d is the film thickness. The values found are
plotted in fig.(2¢c) as a function of the film thickness in that article [95]. From
the plots, it can be seen that the Drude term is almost thickness-independent
and the integrated spectral weight, describes it is related to surface free carri-
ers. However, the phonon spectral function is proportional to thickness which is
characteristic of bulk response. The big advantage of THz spectroscopy is that it
can detect topological surface states and distinguish the surface states from bulk
states in topological insulators. The important properties of topological insula-
tors lie on the surface which is protected by time-reversal symmetry. So a study
of surface states of topological insulators has been a major goal for researchers.
Most signatures of topological nontrivial surface states have been detected by sur-
face techniques, such as angle-resolved photoemission spectroscopy (ARPES) and

scanning tunneling spectroscopy (STS) [84, 90, 96-98].

1.3 Weyl Semimetal

There is a new class of unconventional and topological (somewhat different from
topological insulators) phase semimetal has been studied in the last couple of years
known as Weyl semimetal (WSM). Closely related to graphene, its band structure
contains a pair of bands crossing at certain points in momentum space; in other
words it is a 3D system analogous to graphene. The properties of WSM are
strongly influenced by spin orbit coupling. Actually, WSM is a novel topological
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phase of 3D materials. It is represented by the existence of a set of linear-dispersive
band-touching points, called Weyl nodes. They are protected against small pertur-
bations and disorder. All this information has been taken from the review article
of P. Hosur [99].

In following section, we describe the journey of topological phenomena in con-
densed matter from Dirac fermions to Weyl fermions and finally to Weyl semimet-

als step by step.

1.3.1 Dirac Fermions

Graphene and topological insulators are often termed Dirac materials due to emer-
gence of Dirac fermions [100] in their low energy description. In the vicinity of
Fermi energy, the Dirac equation is used for their description

O

(—ia - V + Bm) 9 :ia, (1.74)

where 1 is the four-component Dirac spinor, and «, 3 are the 4 x 4 Dirac gamma

0 o I 0
ool 0] o

In order to obtain plane wave solutions, we write the four component Dirac spinor

P as

matrices:

Y(r,t) = u(p)e‘i(Et_p'r) = [X] e HBt=pT), (1.76)

Here, u(p) is a four-component spinor and both x and ¢ are two-component

spinors. So the Dirac equation becomes

I

After dropping the exponential factors, the general solution of above equation is

X
¢

—E (1.77)

?, (1.78)
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_o'p
¢_E+m

X- (1.79)
The energy eigenvalues from above equation
E? = |p|* + m®. (1.80)

When fermions become massless, above energy dispersion is a linear function of
momentum. This dispersion relation is true for graphene and topological insulators

in case of low energy physics.

For massless system above eq.(1.77) becomes

[ 0 U'p} [X g |* (1.81)
o-p 0 || ¢
Therefore
(o-p)x = E¢, (1.82a)
(o-p)p = FEx. (1.82Db)

From above equation, we can say that y and ¢ are not independent of each other.

But a linear combination of y and ¢ has the following form

V=500 +0), (1.832)
1
Y = 9 (x—9), (1.83b)
yields
+ (0' . p) ¢R = EQ/JR, (184&)
—(o-p)Y = EYy. (1.84b)

These two new redefined two-component spinors, 1 and 1, are called Weyl
spinors. These spinors decoupled from each other and are considered indepen-
dent particles. They are represented by a conserved quantum number, known

as chirality [101]. Eigenstates of the operator %, chirality is the projection of
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angular momentum o on the momentum p. If angular momentum parallel to lin-
ear momentum, the chirality becomes +, for antiparallel alignment becomes —.

Chirality is conserved, in case of massless particles.

1.3.2 Weyl Fermions

The ‘Weyl equation’ belongs to high energy physics [102]. German physicist Her-
mann Weyl had introduced this equation, as a relativistic wave equation for de-
scribing massless spin-1/2 particles [9]. From last decade, Dirac equation has been
introduced in condensed matter physics, Weyl fermions have also gained promi-
nence over the past couple of years. Due to coming of Weyl fermions in condensed
matter physics, growing list of topologically nontrivial phenomena have become
possible. If particle has massless nature then the relativistic fermions can be de-
scribed by only two component spinor rather than four component Dirac spinor,
was first noticed by Hermann Weyl. These types of fermions are called Weyl
fermions and they obey the Weyl equation HiY = FE1i generated by the Weyl

Hamiltonian

HWeyl — 'UF(pxUz + Pyoy +pzaz>7 (185>

Ewey = £vp4 /P2 + p2 + p. (1.86)

All Pauli matrices o are already coupled to all three momenta, so no other an-
ticommuting 2 x 2 matrices are available. This implies that one cannot open a
gap and the fact that the bands touch in some points is stable. So these 3D
Weyl fermions may be expected to be more protected against small perturbations
than the Dirac fermions in graphene and this 3D phase of matter is called Weyl
semimetal. Due to the two-component description by two-component wave func-
tions rather than four-component Dirac spinors, Weyl fermions occur in systems
where two nondegenerate bands meet with each other at a limited number of iso-
lated points in the Brillouin zone. In case of a Weyl semimetal, systems are robust
to most translationally-invariant interactions. The reason behind this property
is chirality, which is conserved in three dimensions, while in two dimensions it is
not a conserved quantum number. Due to chirality conservation, there is linear
dispersing massless fermions in three dimensions, so only those interactions which

could couple different fermions with opposite chirality can open a uniform gap at

TH-1787_10612109



32 Chapter 1. Introduction

the Weyl nodes in Weyl semimetals. Another property which leads to a differ-
ence between graphene and Weyl semimetal is spin degeneracy. There is inversion
symmetry and time-reversal symmetry in graphene, which ensures two-fold spin
degeneracy in graphene’s 2D energy spectrum, while in case of Weyl semimetal, ei-
ther inversion symmetry or time-reversal symmetry is broken, so that their energy

spectra are non-degenerate.

There are significant differences between graphene and WSMs due to their
different dimensionality. Since all three Pauli matrices are present in the Hamil-
tonian H = vpo - p of WSM and absence of such a matrix that anticommutes
with Hamiltonian of Weyl, gaps out the spectrum. There are only two ways of
a destroying Weyl point, (i) By neutralizing it with another Weyl point of oppo-
site chirality either by purposely shifting the Weyl points around in momentum
space and merging them or by allowing for scattering to take place between differ-
ent Weyl nodes - the latter requires the violation of translational symmetry (ii)
By spoiling charge conservation using superconductivity. In presence of charge
conservation and translational invariance, the Weyl nodes are stable to arbitrary
perturbations. In case of graphene, Dirac nodes can be demolished individually

by breaking lattice point group symmetries.

A crucial quantity characterizing massless Weyl fermions is, helicity. The projec-

tion of spin s on the direction of momentum p of the particle known as helicity

X = | (1.87)

plls|’
For a spin % fermion, the spin operator 5 = %", the helicity operator for a Weyl
fermion is y = %. Due to commutation of the helicity operator with the Weyl
Hamiltonian H = vgp - o helicity becomes a conserved quantity and hence a good
quantum number. Helicity operators has eigenvalues +1, +1 depicts a fermion
with the spin vector aligned along the momentum, —1 in the opposite direction.
The energy of a Weyl fermion is E = +vp|p|, can be written as helicity operator

times the energy
H =vpp - o = sgn(vr)|E|x. (1.88)

From above expression, a picture may be drawn, where a Weyl node looks like a
hedgehog or a magnetic monopole in momentum space, have spin vectors in the

direction of the Weyl node or in the opposite direction.
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FIGURE 1.6: Band structure comparison between 2D graphene and 3D Weyl Semi-
Metal system. Detailed degeneracy properties in both cases are indicated explicitly.
In order to highlight the key point, we only plot dispersion near one node in each
case, however, in the Weyl systems, Weyl nodes always appear in pairs with opposite
chiralities.

1.3.3 Possible Realization of Weyl semimetals

Firstly, Weyl fermion has been studied in case of liquid He®, where these fermions
are generated in a certain phase of this system [103, 104]. Weyl fermions are

an active area of research [1, 105-110].  These works proved the existence of

°X. Wan, A. M. Turner, A. Vishwanath, and S. Y. Savrasov, Physical Review B 83, 205101 (2011).
TH-1787_10612109



34 Chapter 1. Introduction
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FIGURE 1.7: Figure shows predicted phase diagram for Pyrochlore Iridates: horizontal
axis represents the increasing interaction among Ir 5d electrons; the vertical axis repre-
sents the external magnetic field, which could cause a transition out of the noncollinear
all-in/all-out ground state possessing several electronic phases®.

Weyl semimetal in nature. It is conjectured that Weyl fermions are the low energy
excitations of two types of possible Weyl semimetal structures: Pyrochlore Iridates
[105] and Topological-Normal Insulator heterostructures [1]. The semimetallic
nature of these materials is preserved by the touching of two non-degenerate bands
at even numbers of Weyl nodes. Due to the conservation of chirality at each
node, only interactions that couple nodes can open gaps. So this system gives
an interesting podium for studying, the interplay of interaction and spin orbit
in establishing new states of matter. Pyrochlore Iridates is considered as the
first possible realization of Weyl semimetal. There are three Weyl points at each
hexagonal zone boundary, so total becomes 24 [105]. The fig.(1.7) depicts phase
diagram of Y,IroO7. For each pair of Weyl nodes with opposite chiralities, there
is perfect nesting. Refs.[105] focused on the pyrochlore iridates, which have the

general formula AslrsO7, where A=yttrium or a lanthanide element.

In this structure, inversion symmetry is preserved as the electronic properties
evolve with correlation strength. In case of weak correlations, or in the absence
of magnetic order, a metal is obtained. With strong correlations, a Mott insu-

lator with all-in/all-out magnetic order is obtained. Between these two limits,
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with intermediate correlations, the electronic ground state is found to be a Weyl
semimetal. This state has linearly dispersing nodes at the chemical potential,

phase time-reversal symmetry is broken and inversion symmetry is preserved. In

FI1GURE 1.8: Schematic diagram of the 3D multilayer heterostructures, which is found
by alternating Topological Insulator(TTI) layers and Normal Insulator(NI) layers. In all
TI layers, their surface states time-reversal symmetry is broken caused by doping mag-
netic impurities inside TI layers. Unhashed layers represent the TT layers, while hashed
layers represent the NI spacers. The arrow of each TT layer represents the magnetization
direction. Only three periods of the superlattice are shown in the schematic.

the superlattice heterostructures, there is a second possible realization of a Weyl
semimetal system [1]. This is constructed by alternating layers of topological insu-
lator and normal insulator. The simplest realization of the three dimensional Weyl
semimetal phase is proposed in the topological-normal insulator heterostructures.
They have only two Weyl nodes carrying opposite chirality separated in momentum
space. The simplest realization of a three dimensional Weyl semimetal is achieved
by composing identical thin films of a magnetically doped 3D topological insula-
tor layers separated by ordinary insulator spacer layers, depicted in fig.(1.8). The
spin splitting of the surface states is achieved due to doped magnetic impurities
in layers of topological insulator. This becomes a cause for time-reversal breaking
in the Weyl System because magnetic impurities ferromagnetically ordered with

magnetization along the growth direction of the heterostructures.

SA. Burkov and L. Balents, Physical Review Letters 107, 127205 (2011).
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1.3.4 Chiral Anomaly in Weyl semimetal

A peculiar nonconservation of chiral charge is known as a chiral anomaly and has
been well described in high-energy physics. Due to the emergence of new materials
like TT, graphene and Weyl semimetals, many high energy phenomena have been
described in condensed matter physics. The chiral anomaly has been realized in
Weyl semimetal. This property can be used for detection of Weyl semimetal. Many
research articles have been published regarding chiral anomaly recently [106, 111—
115]. The continuity equation for a Weyl point in presence chirality y and external
electric E and magnetic field B:

X

V.j=-"E-B. 1.89
+V-j= (1.89)

9p
ot

Here p is charge density and j is current density.

This equation shows charge is not conserved at a single Weyl point with parallel
E and B fields. To compensate for this excess/deficit charge, there is another
Weyl point of the opposite chirality to ensure the overall conservation of charge
in the system. So by using parallel E and B fields, we can drive charge between
Weyl points of opposite chirality. The experiment proposed for detection of Weyl
semimetal is focused around chiral anomaly in some form. The large longitudinal
magnetoconductivity is one of the transport properties which arise due to chiral
anomaly [116]. The phenomenon like chiral magnetic effect is generated by the

chiral anomaly, where current flows parallel to an applied magnetic field [117, 118].

1.3.5 Electronic Properties of Weyl Semimetal

While the conductivity of Weyl semimetal (WSMs) is similar to graphene and 3D
Dirac semimetals [119], it demonstrates behavior that neither metals nor insula-
tors do. Such systems have a particle-hole symmetry about the charge neutrality
locations, so there are states with of electrons and holes moving with equal and
opposite momenta that carry current. Due to this, the total momentum becomes
vanishes and Coulomb interactions can in fact cause dephasing (relaxation) of

these states.

These non-interacting WSMs with chemical potential disorder show bad metals
behavior in some of their transport properties [1, 119, 120]. The optical conduc-

tivity of disordered WSMs is calculated within a Born approximation by Hosur
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et al.[119] that shows temperature and frequency dependence. It contains Drude
peak whose height is set by the disorder strength. In case of metal, peak width
has a weaker dependence v/T on temperature but here the width of the peak
goes as T?. So on lowering the temperature, the conductivity at small non-zero
frequency falls rapidly in WSMs as compared to ordinary metals. On going be-
yond Born approximation, there are rare regions of disorder found in a WSM near
the Weyl points that induce a small density of states, and hopping between rare
regions results in a finite DC conductivity even at zero temperature [121]. At
high frequencies hiw >> kgT , the conductivity varies linearly with the frequency:
Opz(W) = %% per Weyl node. Importantly, these features are not present in
either metals or insulators. So we can say, WSMs are in between metals and in-
sulators in their electric transport properties. But they are closer to being (bad)
metals than (bad) insulators [99, 119].

1.3.6 Optical Properties of Weyl Semimetal

The Weyl fermion exhibits novel linear and nonlinear optical properties due to
linear dispersion of low energy excitations and poor screening. The Weyl fermion
in two dimensions possesses giant nonlinear responses to electromagnetic fields in
the terahertz (THz) regime [96]. Due to the promotion of the intensive THz exci-
tations and good coupling between THz fields and free carriers in semiconductors,
we study nonlinear electromagnetic responses in the THz region [96, 122-125|.
The bound excitons exist in one-dimensional (1D) metallic carbon nanotubes and
graphene (possess Weyl Fermions) [23, 45|, predicted by ab initio calculations [126—
129| and subsequent experiments [130]. In terms of electronic dispersions, carbon
nanotubes and graphene may be thought of as two dimensional (2D) analogs to
Weyl semimetals . The density of states disappear at the Fermi energy in Weyl

fermions, so electrostatic screening becomes weak|96] (for more details see [17]).

1.4 Applications

1.4.1 Graphene

There are a number of applications of graphene in mechanical engineering, elec-
trical engineering and micro-electronics. It has become an important material

due to its wide range of applications in electronics engineering as a component
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material. Graphene is a good candidate for replacing indium-based electrodes in
organic light emitting diodes (OLED). These OLED can be used in mobile dis-
play screens due to diminished power consumption. Graphene is cheap, thin and
see-through and critically is electrically conductive [131]. So it becomes a good
candidate for the flat-screen displays used on smart phones that need electricity to
power the optical elements, and to respond to the user touch. By using graphene
in the place of indium not only cuts the cost but eliminates the use of metals
in the OLED, which may make devices better for recycling. If we use graphene
on the surface of the anode in Lithium-ion batteries, lithium ions start to attach
with the anode substrate due to defects in the graphene sheet (introduced using
a heat treatment). This battery recharges very quickly compared to conventional
lithium-ion batteries. There are 2,600 square meters area in a gram of graphene
- an equivalent of about ten tennis courts, which provides more opportunities for
a reaction to occur in the battery’. The ease with which large surface areas of
graphene sheets can be produced means that they can be used in the fabrication
of capacitors. This will provide avenues for recharging batteries in minutes instead
of hours. It is possible to produce a thin membrane by using graphene oxide. It
can be used in water desalination because this membrane can block harmful par-
ticles and gases. The process of desalinating sea water from this will be cheapest
compared to others [132]. To produce a working transistor with graphene is a big
achievement because graphene is not a natural semiconductor. It was a significant
technical challenge, but this transistor is twice as fast as a silicon transistor with
commensurate features. A broadband radio frequency mixer has been designed,
which is used in radio applications to process signals at a range of frequencies.
This is effectively a solo IC component which shows that graphene transistors can
be used reliably in more complicated systems [133]. High-frequency transistors
made from graphene are a promising application because of the higher mobility
of electrons in graphene move as compared to electrons in silicon. The processes
for developing of lithography techniques, which is used to fabricate integrated cir-
cuits is based on graphene are growing rapidly [134, 135]. Graphene can be used
as corrosion-resistive coatings to protect important buildings and machine parts

from corrosion [136].

"http://www.bbc.com/future/story/20130306-bend-and-flex- for-mobile-phones
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1.4.2 Topological Insulator

A fermion which is it’s own antiparticle is known as a Majorana fermion. Ma-
jorana fermion is true for spin-1 photon and spin-0 neutral pions and has not
been yet detected in any known half-spin integral particle. This type of state
is present on treating the Dirac equation for real field solutions in the place of
complex field for electrons/positrons [137]. Firstly, the existence of a Majorana
particle was imagined in neutral neutrino or anti-neutrino and the double-beta
decay for a long time. This particle could be a supersymmetry partner of neutral
bosonic fields, e.g. the superpartner photino for photons has been confirmed in
recent large hadron collider (LHC) experiment going on in CERN, Geneva. In
the presence of a topological defect, a bound, isolated, zero-energy mode can ex-
ist obeying a Dirac-type equation, apart from the positive and negative energy
eigenvalues [138, 139]. When there is conventional Dirac representation this zero
mode gives rise to charge fractionalization (£1/2), but when we consider Majorana
representation [137] the field operator becomes real, zero modes with chargeless
(neutral) Majorana fermions are seen. Read and Green [140|, proposed such Ma-
jorana bound states (MBS) for the p, + ip, wave superconductor, e.g. in SroRuO4
[141] and in cold-atoms [142] while conventional s-wave superconductors do not
give a signature of zero modes. Topological superconductors show presence of
MBS. MBS developes only in a strong TI because of the proximity effect when
the TI’s surface is close to that of a superconductor. There are some techniques

to produce them in real experiments suggested by Fu and Kane [143].

Axion Electrodynamics

Lagrangian density has following form in electromagnetic field theory

1 1
Ly=— (€E2 — —BQ> )
8T W
When we have electromagnetic coupling, there will be an additional term with

invariance under 6 — 6 + 2w. So

fe?
= —FE.B. 1.90
Lo 2mh ( )

This term is called axion field term. It has been introduced for solving strong CP

violation problem in particle physics [144, 145]. Electric field E is TR invariant

and magnetic field B is odd to TR symmetry. So the Lagrangian in eq.(1.90) loses
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the TR symmetry unless € is odd to TR as well. But the distinction between
trivial topological insulator and nontrivial (strong) topological insulator depends
on the choice of § = 0 and § = 7 respectively [146, 147|. So they are related to the
Z, invariant class and 6/7 is identical to the invariant vy. From topological field
theory, the coefficient of the axion term (eq.(1.90) denotes the value of the Hall
conductance [86]. On taking 6 = 7, eq.(1.90) gives a coefficient 1/2(e?/h) which
can only be shifted by an integer due to disorders. By measuring surface Hall
conductivity in the strong topological insulator, it confirms topological robustness

and the axion electrodynamics as well.

Due to protected surface/edge states in TI, there is absence of decoherence
in the spin current. Spin current is very important for quantum computation. If
there are bound Majorana fermions in TI, their non-Abelian statistics will form the
qubits, which is essential for quantum computation [148]. It is found that topolog-
ical surface states can facilitate surface reaction by promoting different directions
of static electron transfer. In theory, this surface reaction suggests that topological
insulators can be used as high-performance catalyst [149]. Zhang et al. suggested
application of BisSes in wide band-width, high performance photodetector, which
works between terahertz to infrared frequency range [150|. Peng et al. designed
near infrared transparent flexible electrode, which show low resistance and high
transparency with BiySes grown on mica [151|. The advantage of the unique sur-
face electrons of topological insulators can be used in the future electronic device
for energy utilization. The above information is taken from the source given in

footnote®.

1.4.3 Weyl Semimetal

A Weyl semimetal comprises Weyl fermions, which could be very useful in electrical
conduction due to it’s massless nature. Weyl electrons have higher mobility than
normal electrons-which could be used to create faster electronic circuits. The
electron in graphene is also massless but Weyl fermions are topologically protected
from scattering, which means that they could be useful in quantum computers.
Weyl semimetal has high mobility with topological protection, so it can become

motherboard for future electronic devices .

8http://www.jncasr.ac.in/hbar/PDF/ti.pdf
%http://physicsworld.com/cws/article/news/2015/jul/23/weyl-fermions-are-spotted-at-long-last

TH-1787_10612109


http://www.jncasr.ac.in/hbar/PDF/ti.pdf
http://physicsworld.com/cws/article/news/2015/jul/23/weyl-fermions-are-spotted-at-long-last

1.5. Rabi Oscillations in Two-Levels 41

1.5 Rabi Oscillations in Two-Levels

In order to understand the phenomenon of Rabi oscillations in a two-level system,
take an example of the hydrogen atom interacting with an electromagnetic field.

the time evolution has the form [49]

.0

zha@/}(r, t) = [Ho + H;(t)]u(r, t). (1.91)
Here Hy is the unperturbed Hamiltonian of the hydrogen atom, H = eD -
Eg cos(wt) is the interacting Hamiltonian with D dipole moment operator, E(t) =
E( cos(wt) is monochromatic incident electric field and (r,t) is the time depen-
dent wave function, which can be further written in form of stationary eigenfunc-

tions for two level system as follows

P(r,t) = cy(t)1(r, t) + co(t)wa(r, t). (1.92)

Level 2

A.C. Electic Field

Level 1

FIGURE 1.9: A schematic diagram of atomic oscillations (Rabi oscillations) between
two level systems in presence of applied A.C. electric field.

We defined

_iBEnt

Yn(r,t) = e n ahy(r), (1.93)
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iEqt iEqgt

(e, t) = e (e 7 i (r) 4+ co(t)e 7 aho(r). (1.94)

Inserting eq.(1.94) in eq.(1.91), from eq.(1.91) the equation of motion for the
probability amplitude we obtain

i (e (B)e F 0 (1) + ealt)e R vulr) )

ot
= [Ho+ Hi(0)) (/e (1) + (e Fun(),  (195)
i [ (20t B ) oy (22 o) )
= [Ho+ Hi(®)] () T oa() + ca(e P un(), (196)
(24 o (250 ]
= H(t) (a1 i (1) + c(t)e” T 4n(r)). (1.97)

Multiply by eiETlt@Df (r)

o[22 1) vt + (220 ) ity

= emTltqp{(r)H](t) (cl(t)e_iETlt%(r) 5’ 02(t)€_iET2177/’2(r)> : (1.98)

Integrating w.r.t. r

ih (acal—f)> = (1) / & () Hp () (r)dr

I / W () Hi (£ (r (1.99)

We define wy = WE?;—El)t

L oa(t)

pm c1(t) My + e “0ley (t) Mo (1.100)
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The transition matrix elements M,,; are given by

e ) (.101)
Similarly
m@c;_it) = "¢y (t) My + co(t) Mas. (1.102)

We defined H; = eD - Eq cos(wt). From symmetry

My = My =0, (1.103)
1
My = M3, = ?_LeEOXlg cos(wt). (1.104)
Here,
Xia = [ 91 XvadV = (1] X ), (1.105)
is the dipole matrix element. We defined the Rabi frequency Qr.p; as
1
QRabi = ﬁeEoXu, (1.106)
My = M3, = Qgap;i cos(wt), (1.107)
ey (t ; ‘ 1€ % ‘
ih%—t() = 7"y (1) QRani cos(wt) = e_’wotCQ(t)QRabi§ (e““t + e_m) . (1.108)
t . , 1, . .
ih—acgt( ) = "%y () Qap; cOs(wt) = ey (1) *Rabi§ (e“ +e ™), (1.109)
Ocy (t 1, . .
ihcl—() = Co(t)Qpabiz (€790 4 emiltwolty (1.110a)
ot 2
deo(t 1, . .
z‘hc(;—t“ = 1(t) Qg (elwtwoll  gmilwmwolty (1.110b)

The eq.(1.110a) and eq.(1.110b) are known as optical Bloch equations. When
TH-1787_10612109
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light interacts with the hydrogen atom near resonance i.e. |w — wp| << wy, the
exponential factor e'“=“0) is almost time independent and complementary term
viz. e@twolt oscillates very fast with almost double the incident frequency. After
few time periods, the average contribution of the fast oscillating term will nearly
vanishes. In quantum optics this approximation has a specific name called ‘ro-

tating wave approximation’ (RWA). On applying this approximation to the above

equation
Ocy (t 1.
z’hcal—t() - c2(t)QRabi§el<“*w0>t, (1.111a)
dey(t 1.
ihc(;—t() = ¢ (t) gabiée*l@%)t. (1.111b)

We consider zero detuning: w = wy where the well-known Rabi oscillations between
the ground and excited state of the driven two-level system are seen. On choosing

initial conditions |c¢;|? = 1 and |ep|? = 0 we found

Q a it . Q a il
lc1|? = cos? ( sz ) and |cy|?* = sin? <%) . (1.112)

The frequency Qg.p; depends only upon the intensity of the applied optical field
and is independent of the applied frequency. In most cases, the Rabi frequency
QRrabi 1s always less than the frequency of incident applied optical field. This
phenomenon was predicted theoretically a long time ago, but was observed ex-
perimentally in conventional semiconductors (bands instead of levels) only in the
1980’s. In case of graphene and TI, coherent optical properties have been stud-
ied in presence of classical [152-154] and quantum fields [155] in various regimes
with various approximations. The observed Rabi oscillations in the presence of
a quantum EM field [155] are quite different from those observed in presence of
a classical field [152]. Incoherent effects like optical dephasing and relaxation of
band electrons (intra-band as well as inter-band) have also been studied by various
authors [62, 63].
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Rabi Oscillations in Dirac-Weyl

Fermionic Systems

2.1 Introduction

The light matter interaction is an important part of physics. Newton saw that visi-
ble light separates into its constituent colors upon passing through a prism. There
are two reasons behind this phenomenon (i) white light has many frequencies,
in other words it is non-monochromatic, and (ii) interaction of light with mat-
ter causes dispersion of white light into different frequency components. There
are many new phenomena resulting from light-matter interactions like the change
in refractive index, scattering, diffraction, dispersion, etc [156]. One such phe-
nomenon is Rabi oscillation, a familiar theme in nonlinear optics, which comes
due to light matter interaction. It is the slow periodic oscillation of the ampli-
tudes of the population and polarization of a system with two levels or bands
when these quantities themselves oscillate rapidly with the frequency of the ex-
ternally applied optical field. It is also the periodic exchange of energy between
the electromagnetic field and the system. This slow frequency wg, known as the
Rabi frequency, which is typically much smaller than the optical frequency w itself.
Generally, we study this phenomenon in a two-level system of atomic physics. Rabi
oscillations are also seen in semiconductors, which have bands instead of energy
levels, and where there is a mixing of these energies due to long-range Coulomb
interactions [19, 49, 157-162|. This enables understanding of other effects, such
as the phenomenon of excitonic quantum beats and excitonic optical Stark effect

[49]. So it is natural to investigate the same effects in TI and Weyl semimetal,
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where a Dirac cone exists, i.e. the bands are linear instead of parabolic. With the
emergence of new Dirac-Weyl fermionic systems in condensed matter, many works
have emerged that compare and contrast conventional semiconductors/metals and
Dirac-Weyl fermionic systems. This type of study has been performed in several
research articles [153, 154, 160, 163-168].

Conventional Rabi oscillations are studied using the rotating wave approxima-
tion (RWA). It is an approximation used for the approximate analytic solution of
time dependent evolution eqn. of a two level system coupled to a weak electric
field in resonance with the transition. In this approximation, we remove rapidly
oscillating terms of the effective Hamiltonian, but its validity is limited to only
when the internal frequency of the two-level system is close to the external fre-
quency of field, i.e. in case of resonance [49, 157]. We wish to see if something
new can be learned by studying Rabi oscillations in these Dirac-Weyl systems.
Nonlinear optics in these systems is poorly studied and few interesting articles

have been published till now [165, 166, 169-174].

In this chapter, we have reported a new approach, which is basically an ad-
vancement of RWA | we called it ‘asymptotic rotating wave approximation (ARWA)’
[152, 155, 175-178| (otherwise known as Floquet approximation [179-181]). The
numerically exact solution of coherent Bloch equations also reconfirm these find-

ings.

2.2 Problem Formulation

In this chapter, we have described one of the most significant optical property
in relativistic fermionic systems- Rabi oscillations. As we described earlier, Rabi
oscillations have been analyzed in graphene by Mishchenko using the well known
rotating wave approximation (RWA) [153] and this is applicable only near the
conventional resonance condition, when the frequency of the incident optical field
is comparable to the frequency corresponding to particle hole energy. Far from
conventional resonance, only relativistic fermionic systems exhibit a new type of
Rabi oscillation, which is absent in conventional semiconductors and two-level
systems [152, 155, 175-178]. Our aim is to study nonlinear optics of these systems
at the Weyl (Dirac) node, since all interesting physics at low energy occurs in the
vicinity of the Weyl(Dirac) node - particularly the phenomenon of anomalous Rabi

oscillation (ARO), which has been predicted theoretically in single layer graphene
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by our group [152|. In order to study this, we employ an approximation known
as asymptotic rotating wave approximation (ARWA) [152, 155, 175-178]. In this
chapter a new kind of slow oscillation in population and polarization densities
that is present only in relativistic fermionic systems, is seen far from conventional
resonance. We have studied this phenomenon as well as the conventional close to

resonance Rabi oscillations and verified the claims numerically.

We use the velocity gauge (only vector potential is present but no scalar po-
tential) in the calculations. We will, of course, obtain the same results upon using
the other extreme choice namely - the length gauge, i.e. including only a scalar po-
tential. The relative benefits of these choices are well described in these references
[168, 182].

2.3 Weyl Semimetal Hamiltonian in Second Quantized Form

If the particles are massless, then relativistic fermions are described by a two-
component spinor explained by Hermann Weyl in 1929 [183| in contrast to the
four-component Dirac spinor. This analysis leads to the Weyl equation Hy = Ev
generated by the Weyl Hamiltonian

H:UF<pxUm + DyOy +pzaz)> (2'1)

E = topy/|py* + p2- (2.2)

Here |p| = \/m, vr is hopping velocity between nearest neighbors. Due
to the massless nature, it is the Pauli matrices that enter into the formalism
rather than Dirac matrices. The minimal matrix representation of these matrices
is two dimensional. This aspect may be further clarified by noting that all three
o matrices are already coupled to all three components of the momentum p, and
there is no other anticommuting 2 x 2 matrix available for the mass to couple to
momentum. Since an energy gap cannot be opened in such systems, the fact that
the bands touch is a stable notion. Hence in such materials, 3D Weyl fermions
are expected to be more protected against small perturbations than the Dirac
fermions in graphene. Due to commutation of helicity operator with the Weyl
Hamiltonian H = vpp - o, helicity is a conserved quantity and becomes a good

quantum number.
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Using the tight binding approximation, the low-energy Hamiltonian of Weyl
metals in momentum space with hopping and interaction with electromagnetic
radiation (in the radiation gauge with vector potential A(¢)) in second quantized

form
e
H = vaaa”g . (p — EA<t)> CL’anyﬁ, (2.3)

where the Greek indices stand for either spin up or spin down and cf(c) is the
creation (annihilation) operator. We have taken A(t) = Re(Age ™) i.e. A(t) =

1 —iwt 1 A * iwt
§A0€ + §A0€ .

2.4 Rabi Oscillations in Weyl

Consider the evolution equation

i%@b(p, t) = Hy(p,t) on setting h = 1. (2.4)
Insistence on analytical solutions to the above Weyl equation necessitate the use
of approximations. When the driving frequency is close to one of the excitation
or resonant frequencies of the system we use RWA where the time dependence of
the dynamical quantities are factored into fast and slow variables: fast means the
external frequency, and slow being the difference between the external frequency
and the resonant frequency [19]. In the off-resonant case, we use ARWA [152, 155,
175-178|, where we consider the limit in which the external driving frequency w is
always much greater than the Rabi frequency wr and the resonant frequency for
the creation of particle hole pairs namely 2vp \/m, (w>> wg and w >>
20p \/W) This is quite different from the usual condition used in rotating
wave approximation (RWA) namely | w — 2vpy/[p)[2 + p2 | << w. We rewrite H
and v¥(p,t) in terms of slow and fast parts

H=Hy+e ™V, +e“ V| (2.5)

=)o+ e Wah, + e+ .. (2.6)

Here, Hy and 1y are slow parts, while V. V_ and 1, ,1_ are the (coefficients of)
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2.4. Rabi Oscillations in Weyl 49

fast parts of the full Hamiltonian and wavefunction respectively. Upon decompos-

ing the Hamiltonian in eq.(2.3) in the above form we obtain

Hy=ve| P2 i) (2.7)
(pm + ipy) —P:z ’
V+ — up iAZO 2 (Ax() - Z./41/0) (2 8)
—55(As0 + 1Ay0) 5e4420 7
) v _i :'O _i(A;O e ZAZO) (29)
—5:(AZ0 +i450) 34%

The “Rabi landscape”, which is a plot of the generalized Rabi frequency versus
wave vector has two local minima - one corresponding to conventional Rabi os-
cillations and the other, even lower minimum corresponding to anomalous Rabi
oscillations. We also showed that the anomalous Rabi frequency is absent in con-
ventional systems. But there is a limit in which the Weyl-graphene-like system can
be made to resemble more conventional two-level systems. This is the limit where
the Hamiltonian become diagonal which leads to emergence of a new symmetry
which may be used to generate a Noether constant, making the model soluble [152].
In this limit, the term involving the anomalous Rabi frequency drops out making
the solutions resemble that of two-level systems. But when the free theory includes
terms with two or more non-commuting Pauli matrices, this symmetry is gone and
the anomalous Rabi oscillations reappear. Conventional Rabi oscillations however
are always present in all these systems. This is the reason, why we insist that,
anomalous Rabi oscillations are due to “pseudo-spin” meaning that the presence
of two or more non-commuting Pauli matrices (even in the absence of an external
field) is a must for anomalous Rabi oscillations to be seen (upon inclusion of the
external time dependent fields). Furthermore, unlike conventional Rabi oscilla-
tions, anomalous Rabi oscillations are sensitive to the polarization of radiation.
For a real vector potential and linear polarization, anomalous Rabi oscillations
are absent and are most prominent for circular polarization [155]. We now exploit
this observation to recast the above model using a solvable basis namely one that
ignores the off-diagonal parts of the time independent Hamiltonian- an approach
that complements all the other approaches. This effort is best able to motivate the
need for the new technique of ARWA. For a plane electromagnetic wave we may

choose the direction of propagation to be the z direction so that A, = 0 without
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loss of generality. We notice that there is a limit in which the above equations

become soluble. This is the limit in which p, = p, = 0 and A, = 0 and circular

polarization A,y = —tA,, = A. In this case
. a 7iwte
Zad}T = rUszwT — VUreé EA 1/%, (210&)
. 8 iwt ©
ZEwi = _/Uszwi — VUpe€ EA wT' (210b)
Make the substitutions 1y = 1y ; e ™FP=t and 1), = b, 1 €FP=* where § = w —
2vpp, is the detuning and w}% = @ is the Rabi frequency.
.0 WJR —is't .0 w;% is' t
S, — TR i ©j— = __2t ¢t . 2.11
@atwm 5 € Y1 Zat%,l 5 € Yra (2.11)

¢¢’1<t) _ e—%it(\/yz-i-w;gz_(s’) (Cl » eit\/5’2+wg) ; (2.12>

7%Z‘t< 5,2+w;??+6,) - ’ ’ ’ . ’ /7
Pra(t) = = ; [\/5’2 +wi (—61 + g tVOPHWR ) +6 ((31 1oy VIR )] :

Wg

(2.13)

We may see from these solutions that only conventional Rabi oscillations are seen.
This is because this system resembles a two-level atom with the time independent
part of the Hamiltonian involving just the o, Pauli matrix. The coefficient of the
rapidly varying portion of the current (Fermi bilinear) is slowly oscillating with
a frequency \/m which goes through a minimum when 6 = w — 2upp, =
0 indicating that this corresponds to conventional Rabi oscillation rather than
anomalous Rabi oscillation. In what follows, we wish to convince the reader that
even a small non-zero contribution from p,,p, yields, in addition, a new slow

oscillation known as anomalous Rabi oscillation. Upon restoring p,, p,, we get

. 8 . iw ev
I = Poths + vp(pe F ipy)ths — vre™ fTFA . (2.14)

Here “4” for up spin and “—” for down spin. We use the solutions in eq.(2.12) and
eq.(2.13) by imagining the integration constants to be now time dependent and
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substitution into the above equations which gives

- Km B 5/) ¢\ (1) - <M+ 6') Clz(t)e”\/W} _

va;%(pm — ipy)eit“’ (cl(t) + CQ(t)e”V 62w ) , (2.15a)

iwpe™ (¢h(1) + OV R ) = vp(p, +ipy) [—61(75) ( 52 4w — 5')

+ca(t) (,/6’2 + w2 + 6/> etV rug ] . (2.15b)

It may be shown that the eq.(2.15a) and eq.(2.15b) show a new kind of Rabi
oscillation far from resonance w >> 2vg|p.|. This is also seen through a fully
numerical solution of the Floquet-Bloch equations which are the equations for
the Fermi bilinears deduced from eq.(2.14). First, we establish the presence of

anomalous Rabi oscillations using the analytical method of ARWA.

2.4.1 Off-Resonance Case (ARWA)

The fundamental idea behind this off-resonance technique is that the unknown
wave function is taken to be a series involving harmonics of the largest of the
frequencies - in the present case, the external driving frequency w. The coefficients
Yo, ¥y and ¥_ are assumed to be slowly varying on the scale of external driving
frequency w. We ignore higher harmonics of w in the field eq.(2.6) as including
them amounts to studying higher order effects known as the Bloch Siegert shift
[175]. Hence, eq.(2.4) is solved by retaining only the leading harmonics, i.e. in
terms of 1)y and Hy where we neglect terms of order of é This method is in fact
quite well-known and not particularly new. It goes under the name of Floquet

theory (derived in appendix (section 2.8.1.2)). The evolution equation simplifies

as follows
igw =H.rs (2.16)
8t 0 — eff 0, .
where,
1
Heff = (HO + ; [va V+]> ) (217>

and w ¥, =V, 1y; —w - =V_ 1. In ARWA, we consider the limit w — oo,
in such a way that wup|p| = 0 < co. The eigenvalues of H.ss are the anomalous
Rabi frequency of the wave function. We denote them as j:%Q ARW A, since H, gy is
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traceless. In fact we may write Hepr = 2Qarwa(p) é(p) - o for some unit vector
é(p). Therefore, we are entitled to assert

24 1 1
Yo(p,t) = —=——— sin ( =Qurwa(p)t Hepsho(p,0) +cos | 5Qarwa(p)t | %o(p;0).
Qarwa(p) 2 2
(2.18)
We choose an initial state corresponding to the lowest energy of Hy viz.
—Upp = —Upy/P3 + P; + p? in which case
_ (pz_ipy)
olp,0) = | V2 (2.19)
(p+p2)
2p

This state ensures that the net current J = > Ui (p,0)obo(p,0) = 0. Here
Qarwa(p) is the frequency of oscillation of the amplitudes of observables such as
polarization, densities, current, etc. A general formula for this may be obtained
as follows

N

4 4
evF etv,

. 2621)}7'
Qarwa(p) = 2vp T Ioi? AFPAS + T —5(Ag- Ag)® +

(Ao x Ag) - p+p’

(2.20)

It is not possible to measure the wave function directly in laboratory, but we can
measure observables such as current density which is a bilinear in the fields. The
frequency of the observables such as the current is twice the frequency of the wave
function. We are interested in that result which is analogous to what we obtained
in graphene, so we impose the condition A.g = A}, = A, Ao = Ae, A¥) = Ae™
and A,9 = 0, A%, = 0 - the z-component of the vector potential is chosen to be zero
thereby eventually enabling a comparison with two dimensional graphene (when
the z-component of the momentum is also set to zero). We obtain the off resonance

frequency of the slow part of the current density as

A2e2p? 2

Qurwa = 2\/(UFp||)2 + (Usz -, E sin ’Y) , (2.21)
Here 7 is the polarization of the incident radiation and A is amplitude of electro-
magnetic vector potential and p| = \/m Now we go on to examine various
limiting cases of these expressions with respect to polarization. Linear polariza-
tion: in this case, we choose v = 0, &7, 27, .... The anomalous Rabi frequency in
this case vanishes at the Weyl node. It shows that there are no anomalous Rabi
oscillations at the Weyl node if light is linearly polarized which is also the case in
graphene [155].
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FIGURE 2.1: The plot belongs from eq.(2.22), depicts the anomalous Rabi frequency

versus the component of the wave vector p, upon setting p, = 0 and py, = 0 where

Ay = 2222 and By = QAB;%‘L“ For plotting we consider “& = 0.1, vp = L and h = 1.
R

Wg

D

FIGURE 2.2: The plot shows the anomalous Rabi frequency versus wave vector (quali-
tatively) in 3D with , /p? + p2 = |py||, plot is for circularly polarized light.

Circular polarization: in this case v = %F, where m = +1,43,... Suppose we

choose v = 7, the anomalous Rabi frequency will be

19\ 2
2 w
Qurwa = 2\/(UFP )"+ (’UFPZ - UR) : (2.22)

where wy, = “£ A4 is a parameter which is of the order of the conventional Rabi
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frequency. In Weyl metals, the anomalous Rabi frequency is peculiar and shows
considerable departure from the form of this quantity seen in graphene. In single

layer graphene we have seen [152| that the anomalous Rabi frequency is Qarwa =

w

2\/ (vaH )2 + <ﬁ>2. This result is reproduced if we “flatten” the spherically
symmetric Weyl metal by setting p, = 0. However, in general, the two formulas
differ. While the modes of anomalous Rabi oscillation in graphene always manifest
themselves in a form that resembles massive Dirac particles (with mass ~ %),
in Weyl metals, we see a form that resembles massless Dirac particles at certain
points in the reciprocal space. This conclusion follows from the observation of
eq.(2.22).

/2
For instance, in the vicinity of the point p, = 0, p, = 0 and vpp, ~ wj in

reciprocal space, we see that the anomalous Rabi frequency is a linear function of
p., indicating the presence of massless modes (shown in fig.(2.1) and fig.(2.2)). On
the other hand, if p,,p, # 0, then these modes acquire a “mass” equal to vg|py|.

This is unlike in graphene where anomalous Rabi oscillations are always “massive”.

2.4.2 Resonance Case(RWA)

Close to conventional resonance, we may solve the Weyl equation by the usual
method described in many books on quantum optics [49, 157]. In the general case,
we obtain a value for the conventional Rabi frequency as Qpwa = /02 + w%,
where the conventional Rabi frequency wg comes out as

1
ev i . Ay -p)*\?
WR = TF (AS . A() + Hp . (AO X A()) — Ki%”) 5 (223)

where 6 = (w — 2up, /pﬁ +p? ) is the detuning. We now want to study the
effects of polarization as done in the earlier ARWA subsection. For this we use
the same field configurations used earlier in case of ARWA :ie. A,y = A}, = A,
Ay = Ae" AXg = Ae™ and A,y = 0, A%, = 0. In this case,

Y

2p.
WR = er (A2 — iAzsin'y—i—
c p

piA” — 2px2pyA2 cos 7y )é , (2.24)
p

A choice of v = 0 leads to an expression which is not particularly illuminating

since it does not enable a straightforward comparison with the graphene result.

The above peculiar result (eq.(2.24)) is because a choice of v = 0 leads to a vector

potential that points midway between the x and y axes which explains the origin

of a term involving p,p,. To get rid of this we could choose v = oo which is also
TH-1787_10612109
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linear polarization but this choice makes Ao = 0 (since "7 averages out to zero due
1

to rapid oscillations) and A,y = A and therefore wgp = =& <A2 + 2 %242) ° Lastly,

setting p. = 0 makes the system truly two dimensional and we expect the result to

be identical to that of graphene and indeed it is Qgwa = /0% + (M)Q [152]. A

c

choice of v = 7 corresponding to circular polarization leads to wg = % <1 — %).

00 05 10 15 20
2p,

FIGURE 2.3: Plot of conventional Rabi frequency from eq.(2.25) is shown for circularly
polarized light. Parameters are plotted in units of w and for plotting we consider

WTR = 0.1, vp = 1 and A = 1. As before, in the first plot the values of p, and p, are
Zero.

Unlike in graphene, where the conventional Rabi frequency has a form identical
to that seen in two-level systems and semiconductors close to resonance - in Weyl
metals, as we may see from the formulas above, this quantity shows a pronounced
anisotropy in the reciprocal lattice space near the Weyl nodes. As pointed out
earlier, this may be attributed to a combination of the three dimensional nature
of the reciprocal space and the transverse nature of the electromagnetic field -
a feature not shared by graphene since both the graphene sheet and the plane
electromagnetic wave being two dimensional, lead to an isotropic conventional Rabi
frequency. As usual, setting p, = 0 renders the system effectively two dimensional
and we recover the familiar result viz. Qrwa = 4/ (5'2 + w}%). More interestingly,

setting p, = p, = 0 causes the conventional Rabi frequency of the Weyl metal to
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Qrwa

FIGURE 2.4: 3D plot of conventional Rabi frequency (qualitatively) from eq.(2.25) is
shown for circularly polarized light.

take on a massless character (shown in fig.(2.3) and fig.(2.4)).

I

2
Qpwa = \/5'2 + w2 (1 — %) . (2.25)

Which indicates that the Rabi frequency at conventional resonance is zero and

Qv a(pe = 0,0y = 0) = | = 20plp|

close to it, the dispersion relation of the quanta of conventional Rabi oscillations

are linear instead of being parabolic, indicating the presence of massless modes.

2.5  Fully Numerical Solution

In this section, we wish to ascertain unequivocally that the phenomenon of anoma-
lous Rabi oscillation is not an artifact of the approximations used. The only way to
do this is to solve e.g. the Floquet-Bloch equations fully numerically and examine
the plots for slowly oscillating amplitudes and verify that their frequency matches
the one shown in eq.(2.21). This has been done in this section and an inspection
of the table (2.1) shows that the approximation scheme we are using viz. ARWA

is indeed reliable. The Floquet-Bloch equations are,

. d €A
Z%”diff(lxt) = 2Up0Ap <p - EA (t)> P(p7t) —CC, (226>
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.d e
i—P(p,t) = vpropa - (p — EA(t)) naiff(p,t) + vropeP(p, ), (2.27)

where vpoAp P = VF(ps — iPy), VFOBE P = Vrps, Naigs (P, t) = ¥L(p, 1)4(p, 1) —
7,[11(p, )y, (p,t) , P(p,t) = ;DI(p, t)11+(p,t). The time period of slow oscillations of

oEbe Time Period Time Period
(fully analytical) | (fully numerical)
0.350 1.67 1.74
0.400 2.5 2.45
0.450 5.0 5.14
0.550 5.0 5.15
0.600 2.5 2.54
0.650 1.67 1.69

2

TABLE 2.1: Time periods are in units of 27% and vppy = (0.002) 2L
YR

0.00|
_ —005
X :
= —010
< i
-0.15
—0. 20 el 0N )
0 1 2 3 4

FI1GURE 2.5: Slow oscillations plot correspond to an anomalous Rabi frequency with

theoretical periods of 1.67 (time is in unit of %@)
R

these observables are tabulated in table(2.1), both by solving the above Floquet-
Bloch equations fully numerically using the NDSolve routine of Mathematica [184]
and also by the analytical approach described earlier. The analytical calculation

for the time period is the reciprocal of eq.(2.21).
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FIGURE 2.6: Slow oscillations plot correspond to an anomalous Rabi frequency with
theoretical periods of 2.5 (time is in unit of %’#)
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F1GURE 2.7: Slow oscillations plot correspond to an anomalous Rabi frequency with
theoretical periods of 5.0 (time is in unit of %’?)
R
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FicUure 2.8: This plot depicts fast oscillations in earlier plots that makes the latter
appear to have a thick green line. The fast oscillations have a frequency equal to the
frequency of external radiation, time is in unit of 2:—2‘*’

R

2.6 Surface States in a 3D Topological Insulator

In this section, we study anomalous Rabi oscillations on the surface of 3D TI.
In this case, the wavevector dependence of the Rabi frequencies is going to be
anisotropic, due to the coupling of the electron spin to the applied a.c. magnetic
field (EM field). Tt is interesting that this anisotropy also leads to a vanishing Rabi
frequency at certain points in the reciprocal space. Furthermore, the qualitative
behavior of the Rabi frequency in the vicinity of these points is unique as well. In
case of graphene, spin orbit coupling is very weak |78, 185, 186] so we do not need
to consider the Zeeman term, but in case of TI it is quite strong [80, 146, 187], so

we cannot neglect it.

The two-dimensional Hamiltonian for these Dirac fermions with hybridization
due to quantum tunneling between the top and bottom surfaces of the bulk TT is
given by [188, 189

H = /dzr Yi(r) [UFTZ<2 X o). (p + ZA) +A-0+ Ath] P(r). (2.28)

Here A; is the hybridization matrix element between the states of the top and
bottom surfaces of the TI [190]|. Its value depends on the thickness of the 3D
TI, a typical value of A, varies from 0 to 10> meV depending on the thickness
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of the 3D TI [191|. The Pauli matrices o and 7 describe the real spin and the
surface pseudospin degrees of freedom. The Zeeman energy is the projection of
A = LgupB(t) = 1A¢ ™ + 1A} e ™ on the spin, where g is the effective
Lande-g factor and pp is the Bohr magneton. We also write the vector potential
as A(t) = 1Ag ™' + JA} e ™" so that Ay = 1gup(—ik x Ag). Without loss of
generality we may assume that the surfaces of the TT are in the x — y plane.

We wish to study anomalous Rabi oscillations in this system. The technique
of ARWA we use may be described mathematically as the limit w — oo, |p| — 0
and A; — 0 in such a way that wA; = kK < 0o and wvr|p| = § < co. Physically,
ARWA is the regime where vp|p| << w. This in contrast to the conventional RWA
which mathematically may be described as the limit w, vg|p| = oo in such a way
that the detuning § = |w — 2vp|p|| < co. Physically, RWA is the regime where
2up|p| ~ w. In the results that follow, the ARWA frequency may be written as

2
w . . .
Qapwa = =24 where, mathematically, w,.q remains fixed as w is made large.

We first focus on the case of linear polarization. We have seen in earlier works
that anomalous Rabi oscillations are absent in two-dimensional graphene when
radiation is linearly polarized. Here too the situation is similar except that the
hybridization induces an intrinsic frequency scale which cannot be thought of Rabi

oscillation. In presence of hybridization it may be seen that,

(i) EM Wave propagation k in z direction, Ag in x direction, Aq in y direction
then, Qarwa = \/Af + v (p2 + p).

(ii) EM wave propagation k in x direction, Ay in y direction, Aq in z direction.
Here w}% = “EA is the scale of the conventional Rabi frequency and A is the

magnitude of the vector potential then

NG

Qurwa = \/(Upr - gng}%) + A7 + vipl. (2.29)
evp

The anisotropic dependence of the frequency on the wave vector due to the coupling

of the spin with the magnetic field is clearly seen. We may also note that in a

system with vanishing hybridization (thick samples) and in the region vpp, =

0, this frequency has a massless character i.e., the dispersion relation with the

guBw
BYpR —
2evp T €0

remaining component p, is linear and the frequency vanishes at vpp, =
which is the Zeeman energy scale, rather than at vpp, = 0. To be consistent, we

have to ensure that this point is in the ARWA regime. This is possible only if

"2
gUBWpR

oo << W The table 2.2 assures us that this is the case. Next, we focus on
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Quantity Numerical value
V=< 500 x 10'*Hz
w =27V 3.14 x 10 Hz
- 750 x 10°statvolt/cm
WR 1.21 x 10"rad/sec
2L 3.85 x 1073
o 1 x 108¢m/sec
e 4.80 x 10710 statcoulombs
« 9.0 x 1077

TABLE 2.2: Table of realistic numerical values of parameters used.

the case of circular polarization and grazing incidence (direction of propagation
radiation is taken to be x-direction and the surfaces are in the xy plane). In
graphene, in this case, no anomalous Rabi oscillations are seen. However, in
the present example, we do see anomalous Rabi oscillations with an anisotropic

dependence on the wavevector due to the coupling of spin with the magnetic field
(EM field).

(iii) EM wave propagation in z-direction (grazing incidence) with beam circularly
polarized in the y — 2z plane. In this case, we see two branches in the anomalous
Rabi frequency

1 2(egw)? P2 5 €W 2 Pz 2 | 52
Qarwa = — [£=75—1[#2 + 825 + (eow) [1+ (—2> }+25(eow)—+n +0%|
w wg p Wg p

(2.30)

Nl

/2
JUBWR
2evp

where (eo = ) The form of eq.(2.30) is quite illuminating. From case
(ii) we know that ¢y ~ vpp, — 0 in the limit w — oo such that 0 < epw < oo.
Of course in ARWA: 0 < k,J < oo as w — oo. Hence the form of eq.(2.30) is

consistent with ARWA which demands Qg ~ <% asw — oo. In addition, the

w

anisotropic dependence of this Rabi frequency on the wavevector is also apparent.
It is interesting to consider the special case of vanishing hybridization x = 0 and

vppy = 0. In this case

22\ 2
QARWA == \/(;0) + (Uppgg -+ 60)2, (2.31)

where zp = ©*. In this case we see that there is a nonvanishing minimum anoma-
w
R
2
lous Rabi frequency viz. 2. This minimum is not at the Dirac point p, = py =10
w

but shifted relative to this point vpp, = —¢p. This is a feature we also saw in
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FIGURE 2.9: Top figure demonstrates (eq.(2.31)) the anomalous Rabi frequency versus
the x-component of the wavevector when the y-component is made zero. Even though
the plot amplifies the massive character of this Rabi mode, it is nearly massless and
the small non-zero minimum value is due to the Zeeman energy. The labels in this plot
are Y = 5.45;;‘%"_1‘}%, YEPe — 545 x 10712 (X — 1652.0). The 3D plot on the bottom
(eq.(2.32)) depicts the massless Dirac-like cone of the anomalous Rabi frequency at a

shifted point in the wavevector space determined by the Zeeman energy scale.

Weyl materials but not in graphene. We may think of this feature as a kind of
intrinsic Bloch-Siegert shift [175] not brought about by frequency doubling or the
inclusion of counter rotating terms, but by the Zeeman term. In general however,

whenever hybridization may be ignored. So

2
(vapy + (Eow)2> + w2(vpps + €)?

/2
YR

Qurwa = " : (2.32)

A plot of eq.(2.32) shows the massless character of the Rabi modes on the surface
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of topological insulators in the special case of grazing incidence and circularly
polarized light in the vicinity of the point (vpp.,vep,) = (—60, —%) Lastly,
LUUJR

we focus on the case of circular polarization but normal incidence.

(iv) In the case of circular polarization and normal incidence, the anomalous

2 2
Rabi frequency \/ (wR’ ) + (vpp)? is isotropic and closely resembles the form seen

s
w

2
in graphene, where wg . = \/w;.% + Aw + (M) .

As a comparison, we now wish to study conventional Rabi oscillations in this
system as well. As usual, the interesting phenomena take place when the hybridiza-
tion is vanishingly small (A; = 0). It so happens that this limit is mathematically
simpler as well. In the case studied earlier viz. grazing incidence and circular po-
larization, and when in addition we set vpp, = 0, the anomalous Rabi frequency
is given by eq.(2.31) which shows that the small mass in these modes is purely due
to the Zeeman term and it is massless when the Zeeman term is absent. On the

other hand, in this case, the conventional Rabi frequency is found to be

2
QRWA = \/(w;% + ﬂ) + 5/2, (233)

Wgr

where §' = w — 2upp is the detuning. This eq.(2.33) shows that the modes are
massive even in the absence of the Zeeman term. This observation reinforces the
point we have made in our earlier works as well, viz. it is the anomalous Rabi
oscillation that is sensitive to qualitative changes in the low-energy band structure

rather than the conventional Rabi oscillation.

2.7 Conclusions

The main idea we have been trying to promote is - the presence of two distinct
resonances in the “Rabi Landscape” which is the plot of the generalized Rabi fre-
quency versus the wave vector. The resonances are local minima in this plot.
Unlike in graphene, where the conventional Rabi frequency has a form identical to
those seen in two-level systems and semiconductors close to resonance - in Weyl
metals, this quantity shows a pronounced anisotropy in reciprocal space near the
Weyl nodes. This may be attributed to a combination of the three-dimensional
nature of the Brillouin zone and the transverse nature of the electromagnetic field-
a feature not shared by graphene since both the graphene sheet and the plane elec-
tromagnetic wave being two dimensional, lead to an isotropic conventional Rabi
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frequency. In Dirac fermion systems, in addition to the conventional resonance
located at the usual spot namely when the energy of the external photon matches
the particle-hole energy, there is an anomalous resonance close to the Dirac points
and far from conventional resonance. In Weyl metals and surface states of topo-
logical insulators, the location in wave vector space of this anomalous resonance is
sometimes seen to be shifted relative to its location in graphene. Moreover, unlike
in graphene, where the anomalous Rabi frequency has a non-zero minimum value,
in these systems, this minimum value vanishes making the modes of anomalous

Rabi oscillations themselves ultra-relativistic.

In the surface states of topological insulators, the presence or absence of the
Zeeman term has no qualitative impact on conventional Rabi oscillations. How-
ever, it has a qualitative effect on anomalous Rabi oscillations despite the smallness
of the Zeeman energy scale relative to the conventional Rabi energy. The quali-
tative effect includes making the anomalous Rabi modes massless if the Zeeman

term is absent.

The presence of anomalous Rabi oscillations in Dirac-Weyl systems have been
unequivocally demonstrated in this work and earlier works by a fully numerical
solution of the Floquet-Bloch equations. The detailed quantitative and quali-
tative agreement with these numerical simulations with the analytical method
introduced to study this new phenomenon viz. asymptotic rotating wave approxi-
mation (ARWA) validates these analytical schemes and conclusions that are drawn

using them.

Therefore, it is no exaggeration to say that the anomalous Rabi oscillation is
a phenomenon that is uniquely suited to study condensed matter realizations of

relativistic systems.

We have proposed a pump-probe experiment to detect anomalous Rabi oscil-
lation (chapter 4). This simply involves looking for periodic oscillations in the
differential transmission coefficient versus pump pulse duration. When all else
remains fixed (including pump-probe delay), this plot exhibits oscillations with a

frequency corresponding to the anomalous Rabi frequency.
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2.8

Appendix

2.8.1 Methods for Obtaining Anomalous Rabi Frequency

2.8.1

1.

TH-1787_10612109

.1 Current Density Method

With the help of Heisenberg’s equation (Bloch equation in optics) (zh%<é> =
([H,0))) followed by anti-commutation relations ({2, §} = £§+§), we have

derived the equation of motion for the following physical quantities,

nai(k,t) = na(k,t) —np(k,t) = (c} J(t)era(t)) = (c} s(Derp(t), (2.34)

and

p(k,t) = {cj 4(t)cx5(2)- (2.35)

where, ng;rr(k,t) is the population excess between sublattice ‘A’ and sublat-
tice ‘B’ in graphene or spin up 1 or spin down J for TI of Weyl semimetal

and p(k,t) is defined as polarization density in similar way.

. First we try to solve the unknowns in the problem namely the population

excess ng;rr(k,t) and polarization density p(k,t), by expressing them as a
harmonic series involving the largest of the frequencies, viz. the frequency
of the applied field w. We consider the coefficients as slowly varying, com-
pared to w. We assert that the external driving frequency w is always much
greater Rabi frequency wgr which we assume is, in turn, much greater than
the ‘resonant’ frequency for the creation of particle hole pairs namely 2vpg|k|

(w >> wr >> 2vuplk|). Now we assume number density ngs(k,t) and

polarization density p(k,t) in term of slow and fast part

nairr(k,t) = ny(k,t) +ny(k,t)e ™ +n_(k,t)e™", (2.36)

p(k,t) = ps(k,t) + pi(k, t)e ™ +p_(k,t)e™". (2.37)

Here ny(k,t) and p,(k,t) are slow part. n,,n_,p,,p_ are fast part.

. Now we compare slow and fast parts of equation from both sides, making

- dps (k,t) Z-dni(k,t - dp+ (k,t) dX (k,t)

. - dns (k,t) ) .
equation of i=—==, i===>, o and == We neglect === in

comparison with w X (k,t) and term of O(Z;), due large value of external
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frequency w in comparison with all other frequency scales. This enables us

to recast these equations in terms of the slow parts only.

4. After solving these equations, the (anomalous) Rabi frequency is obtained in
the off-resonance situation.
2.8.1.2 Wave Function Method

+iwt

When we apply potential in form of Age in Hamiltonian, it will change in

following form
H=Hy+e ™V, +e* V_, (2.38)
We can write wave function in harmonic series form
Y=g +e “ah +e“tah_+ ... (2.39)

Here H, and v are slow parts, while V., V_ and v, ,1_ are the (coefficients of)

fast parts of the full Hamiltonian and wavefunction respectively. By evolution

equation
0
izt = H, (2.40)
: a —iwt wt —iwt iwt
Za(%JF@ ¢++€ sz—) = (17—10"‘6 V+‘|—€ V_)
(o + ™" gy + € ), (2.41)
Za (wo + efiwt 1/}+ + 6iwt 1/}7) — HO (1/}0 i efiwt er + eiwt wi) + efiwt V+
(o +e ™ Py + e ) + e Vo (Yo +e ™ iy + e ),
(2.42)
Za <¢0 4 efiwt er + eiwt wi) —_ HO (wo + efiwt er i eiwt wi) + V+

(@/}ge_m—l—e_mt w++ w_) =+ V. (woeiwt_l_ 1/1++62th ’1/1_) (243)
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Coeflicient of constant

Do = Hy o+ Vit + V. 0. (2.44)

Coefficient of e™! and taking w is large

V_
—w - =Hyth_ + Viothg=> th_ = — ( f“) . (2.45)
Coefficient of e~ and taking w is large
V.
wy=Hotpy + Vi Y= ¥y = < L¢O)- (2.46)

On substituting eq.(2.45) and eq.(2.46) in equation of constant eq.(2.44), we get

i%% =Ho o+ Vi - + Vo 9y, (2.47)
i?%:mMPV;(”%)+u(Kﬂ%, (2.48)
t w w
i o = Hy o+ 2 (< Vi Vo + V_ V) (2.49)
¢ Y0 = Ho Yo + V- _V4), .
zﬁw—ﬂ¢+@[v v} (2.50)
at 0 — 0 %0 w — + | .
0 1
i = (HO +;[V_, V+D 0, (2.51)
9 =H 2.52
Za%— eff Yo (2.52)
So we define
1
Hopp = (HO +a[v,, V+D. (2.53)

The eigenvalue of H.y; will be anomalous Rabi frequency.
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2.8.1.3 Fourier Transform method

1. First we take Bloch eqution and solve this using the Fourier transform method,

X(t) = /Oo ity X(w), (2.54)

oo 2m
where X = p, ngiys.

2. We neglect a term such as X (w = 2w') i.e. leaving higher order harmonics
X(w = 3w') and others. The equation for w’ we obtain will be of the form,
W(Ww',w,wg, |2|) = 0,2, = vpoap - k = vp(k, — ik,) for graphene . In
this case we find lim,, | oW (W', A + 2|2k, wr, |2x]), holding A = w — 2|z
fixed, and then set this function to zero. This leads to an expression for the

conventional Rabi frequency w'.

3. For studying off resonance case i.e. ARWA limit, we hold ¢® = |2;|*w? and wp
fixed, w = “— and find limg, 0o W (% +w,w, wg, <) and setting this function

to zero, we get value of w" will be anomalous Rabi frequency.

2.8.1.4 Numerical Simulation Method
We can also solve above Bloch equations fully numerically using the NDSolve

routine of Mathematica [184], we obtain results for both types of Rabi frequency

which exactly matches with the result obtained earlier using analytical method.
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Chapter 3

Band-Anisotropy Induced
Bloch-Siegert Shift in Graphene

3.1 Introduction

The periodic exchange of energy between a radiation field and a two-level system is
known as (conventional) Rabi oscillation [19]. The population and polarization of
carriers oscillate with the frequency w of the radiation field. The amplitude of these
oscillations themselves oscillates much more slowly with a frequency wrp << w
known as the Rabi frequency [157]. Conventional Rabi oscillations are studied
using the rotating wave approximation (RWA), which involves asserting that the
detuning A = fw — € is much smaller than the transition energy, ie. |A| <<
¢, where € is the energy separation of the two levels (or in case of bands, it is
the energy of the particle-hole pair) [49]. Semiconductors have bands instead of
energy levels and there is a mixing of these energies due to long-range Coulomb
interactions. This leads to, among other effects, the phenomenon of excitonic
quantum beats and excitonic optical Stark effect [158-162, 192-196].

Graphene was first studied theoretically by P. R. Wallace [40] in 1946. Graphene
is the first 2D material to be synthesized. Graphite can be built by stacking
2D graphene sheets one on top of another separated by a distance of 0.335nm.
Graphene is a honeycomb lattice formed by two interpenetrating triangular sub-
lattices. It was made by micromechanical cleavage of graphite in 2004. The energy
versus momentum relation for graphene shows a linear dispersion near the six cor-
ners of the two-dimensional hexagonal Brillouin zone. The most peculiar property
of graphene is that at low energies, electrons and holes near these six points, two
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of which are inequivalent, behave like massless relativistic particles described by
the Dirac equation for spin 1/2 particles. The six corners of the Brillouin zone
are called the Dirac points [22, 23]. As we move further away from the Dirac
points, the energy dispersion becomes both nonlinear in the momentum as well as

anisotropic.

Band anisotropy in single layer graphene has another possible origin known as
the Rashba effect [70, 197-199|. Single layer graphene on a substrate, lacks in-
version symmetry in a direction perpendicular to the plane of the graphene sheet.
The lack of inversion symmetry may be taken into account by postulating an effec-
tive electric field perpendicular to the graphene sheet. What is an electric field to
a static electron, is also partly a magnetic field to a moving one and this magnetic
field in turn couples to the intrinsic magnetic moment of the electron leading to
the Rashba effect. This account is somewhat oversimplified [200] but will suffice
for the present purposes. In the presence of Rashba spin orbit interaction, the
low energy electronic bands of monolayer graphene deform and undergo trigonal-
warping deformation for energies smaller than the Lifshitz energy [197]. At low
energy, bilayer graphene also shows a very similar effect although for different

reasons [201].

Graphene has an intrinsic pseudo-spin. Like ordinary spin that has two pos-
sible projections on any given axis, pseudo-spin also has two different eigenvalues
that label the two triangular sublattices. Due to pseudo-spin, in the off-resonance
case, a new kind of Rabi oscillation is seen which we refer to as anomalous Rabi
oscillation (ARO). To study this, we employ an approximation known as asymp-
totic rotating wave approximation (ARWA) [152]. It appears that the ARO has
already been seen in the experimental data of Breusing et al [63]. The pump probe

spectra presented in this work has been theoretically derived [202].

Earlier works on Rabi oscillations in graphene by other authors such as Mishchenko
[153], Mikhailov [164, 167, 203] and Ishikawa [154] have focussed on resonant ex-
citations which are studied using the conventional rotating wave approximation.
As we alluded to in the above paragraph, earlier works [152, 178, 202| have shown
that in addition to these conventional Rabi oscillations, graphene also exhibits
anomalous Rabi oscillations far from resonance. The present work is an attempt
to extend the domain of validity of these works by exploring the consequences of

a strong electromagnetic field on these Rabi oscillations.
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3.2 Problem Formulation

In two-level systems, it is recognized that conventional Rabi oscillations undergo
a shift in the resonant frequency which is the Bloch-Siegert shift. This shift is
quite small in such systems and hence largely of academic interest. The present
work shows that in graphene, such shifts can be substantial - especially upon the

inclusion of band curvature effects and Rashbha coupling.

Both conventional and anomalous Rabi oscillations are resonance phenomena,
in other words, the amplitude of these oscillations peak when the condition for
resonance is obeyed. The purpose of this chapter is to study the shift in the
conditions for resonance brought about by (a) the presence of strong fields upon
the inclusion of frequency doubling effects or (b) band anisotropy due to next
nearest neighbor hopping or Rashba effect. We refer to both these shifts as Bloch-
Siegert shifts, although only (a) was envisaged by Bloch and Siegert.

Bloch and Siegert studied the behavior of a spin % particle, in a constant field
H, at magnetic resonance, by choosing an arbitrary alternating field with circular
frequency w perpendicular to Hy. They had shown that to lowest order, the cor-
rection to the shape of the resonance curve is constant but shifted by a percentage
amount %I}jg where H; is the effective amplitude of the oscillating field. Due to
that, there is a correction to the magnetic moment towards smaller values. This
correction for all practical purposes, is too small [204]. The Bloch-Siegert shift is
used to characterize the amplitude and homogeneity of the proton-decoupling field,
and to monitor probe performance [205]. In the presence of a strong pump, on
calculating the probe response of a homogeneously broadened two-level transition,
using a generalized interaction Hamiltonian, one finds a common description of
both the Bloch-Siegert shift and dynamic Stark splitting. The Bloch-Siegert shift
can be viewed as an extreme situation of the dynamic Stark splitting, commonly
known as a light shift in that literature [206]. In the limit of vanishing natural
line width, Stenholm [207] derived exact semiclassical expressions for the general-
ized Bloch-Siegert shift of the main RF resonances. Their power series expansion
has good agreement with quantum electrodynamic calculations, but a truncated
continued fraction expression is shown to represent the exact values much bet-
ter. The Bloch-Siegert shifts for multiphoton resonances at the inhomogeneous
broadening of spectral lines reduce only the nutation amplitude but do not change
their frequencies [208|. Beijersbergen et al. [209] observe multiphoton resonances

and Bloch-Siegert shifts in a strongly driven classical two-level system which is an
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optical ring resonator where the levels are two orthogonal linear polarizations. On
measuring the Rabi frequency and the Bloch-Siegert shift for both the one- and
three-photon cases it is shown that these coherent phenomena can be observed in
a purely classical system. For measuring Bloch-Siegert shifts and widths of mul-
tiphoton resonances in a two-state system for the in-plane configuration of fields,
Ostrovsky et al. [210] derive a convenient working formula. The final results have
a simple form in case of a weak driving field. There is a drastic change in width
compared to the conventional perpendicular field configuration, while the shift is

only weakly affected.

Given this literature, it is fair to say that the Bloch-Siegert shift is an inter-
esting problem to study. We study this problem in graphene especially with an
anisotropic band structure and find several interesting features, the most promi-
nent being a large Bloch-Siegert shift associated with anomalous Rabi oscillations

in anisotropic graphene.

3.3 Bloch-Siegert Shift in a Two-level System

In this section, we revisit the well-known analysis of the Bloch-Siegert shift in
two-level systems. This is described well in many books such as Allen and Eberly
[157]. In order to maintain a close similarity with the discussion for graphene, we

rephrase the problem in a two-level system as follows. Given a Hamiltonian

hew
i ?Oaz — hr€oycos(wt), (3.1)

that describes say a spin 1/2 particle in a constant magnetic field in the z-direction
and a time varying electromagnetic field polarized in the = direction, the problem

is to find the average magnetization.
M(t) = (®()[o|®(1)). (3.2)
It is usual to use the spherical vector form of the magnetization

Mo(t) = (@(t)[o=|®(2)); M=(t) = (B(t)|o=|®(2)), (3-3)
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where 04 = 0, +i0,. Here the state vector obeys

iho|®(t)) = <%az - hﬁé’aﬁcos(wt)) |D()). (3.4)

Therefore,
iho,My(t) = —hkE cos(wt)(M,(t) — M_(1)), (3.5)
ihOy My (t) = Fhwy My(t) F 2hkEcos(wt) My(t). (3.6)

Instead of following the customary route of solving with rotating wave approxi-

mation, we use the Fourier transform method.

M,(t) = / h cé% e~ N, (). (3.7)

—0o0

—%m@s (W =)= MW ~w)) (39)
My(w) = :F% My(w + w) F WLﬂiﬁo) Mo(w —w). (3.9)

These are coupled recursion relations with non-constant coefficients. They imply
that w' takes a restricted number of values determined by the condition that non-
trivial solutions to these homogeneous equations exist. However no exact solution
is possible since the coefficients are not constants. Approximate solutions may
be given by asserting that only a finite number of harmonics in w are important.
Practically, this means asserting that My(w’ & nw) = 0 and n > N for some N.
The present exercise (see below) also shows that there is nothing like an anomalous
Rabi oscillation in case of the two-level system. We define
) ) (kE)} (W' + w) (KE)* (W' — w)

CE T a1
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Combining the equations (3.8), (3.9) and (3.10) into one means we have to deal

with the following recursion relation for M.

: ()XW +w)

ro- B (KE) (W' — w)
e () ER

0]

(@ —w)? — w2 My(w —2w). (3.11)

Mo(w + 2w) +

The simplest case is to ignore second harmonics viz. set My(w' 4 2w) = 0. In this

case nontrivial solutions exist for w' such that
€w) =0 (3.12)

Of the five solutions, the one that is positive and reduces to the rotating wave

approximation (RWA) result in the limit |A| = |w — wo| << wp is

’

w = \/(né')? +w? +wi — \/<R€)4 + dw?wd. (3.13)

In the RWA limit, this reduces to

!

w = \/(A2 + (k€)?) — (200)? + ... (3.14)

Now we are entitled to ask what happens in the other extreme case - the limit we
have referred to as asymptotic rotating wave approximation (ARWA) [152]. In this
limit, w >> wp, k€. As we have pointed out there, this limit is most illuminating

when in eq.(3.13) we examine the limit, wy — 0. In this case

W =w+O0W?) + ... (3.15)

indicating that w" and w differ by a term of order w?. Thus the Rabi frequency

that was small compared to w in the resonant case ‘crosses over’ to a frequency
which is of the same order as the external frequency. This is in stark contrast
to the graphene case as we have seen in the earlier work [152| as shall do so
again below where the Rabi frequency crosses over from the conventional RWA
to the anomalous result which continues to be small compared to w. To see why
this is important, we note that the present model is meant as a caricature to
the simple two band model of a semiconductor where there is no such thing as
pseudo-spin - to begin with, the unperturbed Hamiltonian is diagonal. In this
case, the time dependent part may be identified with the external time dependent
field coupling to the current operator. Thus the optical response is measured by

the time dependence of M (t). Given that M(t) is oscillating with frequency fw
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in the ARWA limit, an examination of eq.(3.6) in the limit wy — 0, forces us to
conclude that there is no component of M () that oscillates with frequency w (it
is either small compared to w or it is of order 2w). Thus the amplitude of the
induced current that oscillates with the external frequency is nearly independent
of time - a sign that there is no such thing as an anomalous Rabi oscillation in
this case. This is a contrast to graphene where there is such an anomalous Rabi

frequency.

Getting back to the topic of the present chapter which is Bloch-Siegert shift,
one may derive a formula for this. As pointed out in the introduction, Shirley
[211], Swain [212, 213] and others have provided a rather complete description of
the phenomenon in case of the two-level system. Indeed, iteration of the recursion
eq.(3.11) leads to precisely the sort of continued fraction expressions for the Rabi
frequency found in the work by Swain. We shall however be content at deriving
the leading corrections to the Bloch-Siegert shift as we are merely interested in
calibrating the Fourier transform method against well-understood problems so
that we may then apply the technique to graphene. Bloch-Siegert shift is obtained
by retaining the second harmonic terms (and beyond, for more accuracy see e.g.
Shirley [211] or Swain [212, 213]). We will iterate eq.(3.11) once and ignore the
term My(w' =+ 4w)

(k€)? (W' +w) ~

My(w' + 2w) = I [ T My(w'). (3.16)

We now substitute these into eq.(3.11) to obtain an equation for the eigenfre-

quency.

/ (kE)H (W' + w)? (k) (W' — w)?

fw) = ew +2w) [(WHw)?—wd W - 2w) [(W - w)?—

2 (3.17)

Set w = wp + A and expand the left hand side of the above equation in powers of
wy * keeping A fixed (this is the RWA regime). This leads to

w (A% + (k€)% — w?) N A(kE) W

=~ 0. 1
A2 — )2 2w (A% — w'2)? 0 (3.18)
This means
, A 2
W= A2 4 (k)2 — DE) (3.19)
2&]0
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2
Completing the square we get, w'? = (A — %) + (kE)? — (1'2?; . Therefore the
0
new resonance frequency is
(rE)°

(3.20)

W= Wx = Wp + .
4w0

This expression is identical to what may be found in the text-books (see e.g.
Allen and Eberly [157]). The series obtained by Shirley [211] (which may also be
obtained by iterating eq.(3.11)) is

(kE)? (k€)' 35 (kE)®

W= W, =wy+ i, +(4w0)3_3_226w8

f. (3.21)

The main motivation for this section is of course not to reproduce well-known
results such as the one above but rather to use them to calibrate the technique we
are going to employ throughout this chapter namely writing the Bloch equation
in the frequency domain where it has the appearance of a recursion relation, then
suitably truncating the recursion to convert it into an eigenvalue equation for the
frequencies involved, which in turn yields the Rabi frequencies along with the

Bloch-Siegert shift in the different domains of interest.

Now we proceed to describe Bloch-Siegert shift in graphene. In graphene, we
have a situation where close to the Dirac point the quasiparticles are chiral massless
Dirac fermions with linear dispersion, but the dispersion acquires curvature as one
moves away from the Dirac point. We study the nature of the Bloch-Siegert shift by
assuming a strictly linear dispersion first followed by a more realistic and logically
consistent calculation that includes non-linearities in the dispersion. These two
studies are aimed at pinpointing the role played by band structure effects on the

Bloch-Siegert shift in graphene.

3.4 Bloch-Siegert Shift in Graphene - Linear Dispersion

As usual, we start with the Bloch equations for graphene (derived in the appendix

(section 3.9.1)). The massless Dirac Hamiltonian is

H = Z [vp(px —ip,)ch (p)es(p) + c.c.] : (3.22)

P(p,t) = cL(p)cB(p) and ngirr(p,t) = cL(p)cA(p) — c%(p)cB(p) are the popula-
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tion excess and polarization respectively, so that

i%ndiff<t) = 20p0 A - (p — SA*(t)) P(t) — c.c. (3.23)
i%P(t) — VpOBA - <p . EA(t)) nai (). (3.24)

2k = VpOAB - P = Vp(Pe — iDy), 2r = SVpopa - A(0),p, = pcos(fy) and p, =
psin(fy). As we did in case of the two-level system, we solve this using the Fourier
transform method, X () = [*° %e=#t ¥ (w) where X = P, ngy;-.

2
= dw, —iw/ ’
naigp(t) = / %e " Naigr(w); (3.25)
00 d 4 o, )
Pt) = / ot W) (3.26)

This yields

’

w Nagrw) = 2z Pw) — 225 P(w +w) — 22 P*(—w') + 225 P*(w—w),
(3.27)

! / /

w Pw) =2 Nagr(w) — ZRNdiff(w/ —w). (3.28)

Inserting the second of the above equations into the first we get a recursion relation

exclusively for Ny ;r(w).

C AW wd o 22u2R(2w" — W)Ngipp (W' — w)
— T 75 5 N’L — / /
(- 52 ) M) o)
* % (2(")/ + w) 4
—2ZRkaNdlff(w —l—w) (329)

Iterating this equation leads to expressions for the eigen-frequencies. We are par-
ticularly interested in the one that approaches \/m as |zk| — oo keeping
A = w — 2|z fixed. Having obtained a general expression for this frequency, we
will then examine the other limit viz. when w — oo, |z;x| — 0, keeping w|zy| fixed
(we have called this ARWA). Iterating the above eq.(3.29) and throwing away
Nyiss(w' £ 3w) and beyond allows us to capture the lowest order Bloch-Siegert

shift since we are including the first counter rotating term Ngf(w' £ 2w). The
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equation for w' we obtain will be of the form, W(w',w,wg, |2x|) = 0. Thus we
obtain the following two kinds of Bloch-Siegert shifts. The first one is deduced
from the conventional Rabi frequency near resonance |A| << w. In this case we
find lim,, oW (w', A + 2|2x|, wr, |21]), holding A fixed, and then set this func-
tion to zero. This leads to an expression for the conventional Rabi frequency with
Bloch-Siegert shift

) ) wh w 2
=0 = — A — 3.30
w RWA Wr 64|Zk|2 + < 8|Zk|> ) ( )

This expression is identical to what may be found in the text-

— _“Rr
as Wshift = 122"

books on two-level systems (e.g. Allen and Eberly). The second one employs the
ARWA limit where we hold ¢ = |z;,|?w? and wg fixed and find lim,, oW (% +

w
w,w,w — erore settin 1S Tunction O zZero. en e apl Ireqguency 1s goin
,w,wn, £) before setting this function t Then the Rabi frequency is going

w

to be w' = “~. We have to shift by w in order to extract the Rabi frequency
associated with the single harmonic in the external field (the series below required
six iterations of eq.(3.29) to obtain).

8w (w?|zx]? + wh) 4wk (Tw?|2)? + bwh)
w? + wt

+...>? 44T

1:
QaArwa = » (4“12|Zlc|2 + dwh —

One may see here that this result is not too different from the simple result
obtained by ignoring frequency doubling [152|. In particular, unlike in case of
the rotating wave approximation, where resonance occurs at a shifted value of
|zx| = § + (shift) (at which value of the Rabi frequency is a minimum), here the
anomalous Rabi frequency is minimum when |z;| = 0 both in the simple case and
when Bloch-Siegert like corrections are included. Therefore in the ARWA case
for isotropic graphene, we do not have a Bloch-Siegert shift but merely a change
in the effective Rabi frequency. This uninteresting result motivates us to include
band curvature effects. It is also worthwhile to note that it is logically inconsistent
to explore the high field effects which involve higher and higher powers of the field
while ignoring such higher order effects in the band dispersion. We now wish to

set this right by including the band curvature effects.
3.5 Bloch-Siegert Shift in Graphene - Band Curvature Ef-

fects

Using the Hamiltonian for graphene that includes nearest and next nearest neigh-
bor (nnn) hopping (derived in appendix (section 3.9.2)), we may evaluate cor-

rections to the Bloch equation brought about by band curvature effects (zk =
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VFO AR+ P, 2r = Svpopa - A(0))

dp(pyt) a‘CCZ. * W * W
ot T e (i + 2 €™ = 220236 ) naigs (P, 1)

+ (2 = zr €7") naigs (P, 1), (3.32)

d 7 7t CC. * —24 * —1
i ng ff(p ) _ Gl (Zk2 + ,212%6 2iwt QZkZRe ’Mt) P(p7 t)
dt 2vp

+2 (2, — 23, €“') P(p,t) — c.c. (3.33)

This is also solved using the Fourier transform method where we first write X (¢) =
ffooo g—“;e*"”t X (w) where X = p, ngiff- Then the formula for the variable p in
terms of 74y is substituted into the equation for 74y and a recursion relation
is formed. This recursion is iterated twice so that equations for ng;f¢(p, W+ nw),
n = 0,£1,42 are obtained. These will involve higher harmonics such as n =
43, +4 and so on. We drop these terms to obtain a closed set of five homogeneous
linear equations which defines an eigenvalue problem. The reason why we include
terms only up to the second harmonic is because the corrections to the Bloch
equations only involve terms to that order. The eigenfrequencies are precisely the
Rabi frequencies. We now list the final results for the Rabi frequencies in various
cases. These outcomes are a result of rather involved analytical calculations made
possible largely due to the availability of symbolic computation packages such as
Mathematica [184]. We have made extensive use of Mathematica [184] in this

work.

() No nonlinearities (¢ = {« — 0) in the dispersion, frequency doubling effects
ignored (w — oo). This is the simplest case and leads to the following results for

the conventional and anomalous Rabi frequencies (6% = |z;|w).

/ 2y/wh + 4
Qrwa = w% + A% Qupwa = VIR (334)

w

where A = w — 2|z is the detuning.

(ii) No nonlinearities in the dispersion (¢ = 0) but frequency doubling effects

included (w < oo, see earlier section).

2 1 wh ’
QRWA = wR—l— @) (W) + (A - m) s (335)
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2/ wh 4 64 w?
Qapwa = ~—L— (1 - —R) : (3.36)

w w?
(iii) Leading nonlinearities in the dispersion included (¢ # 0) but frequency

doubling effects ignored (w — 0).

Qrwa = \/(wi2 + A?) + sin(30k) |zx| W% ¢; (3.37)
2/ wh + 0% w$dsq? 3
Qarwa = (1 + (k5 07)° +0(¢°) | . (3.38)

(iv) General case [q #0,w < 00,7 = giray: Br = 2vplp|\/1+ TF (0qur + 8lplsin(30y,)) |

n
23whT? w2\ 2 202 , 2
Qrwa = [(w?{ = 8R + ( — TR) ) (1 — ( 4R)> + sin(36y) |z w]%b q] ,

(3.39)
2 3
Qurwa = g [2(00% + 64 (—2w% + w?) 4 qwd® sin(39k)} (3.40)
2\/wh + 64 qd%sin(36)  wk
~ » ( ol 0w w2 +..). (3.41)

These illuminating results clearly show the effect of anisotropic band structure on
both the conventional and anomalous Rabi oscillations. Now we reinforce these

observations by studying another case where anisotropy is important, namely with

Rashba interaction.

3.6 Bloch-Siegert Shift in Graphene - Rashba Interaction

In case of Rashba spin-orbit (SO) interaction, Hamiltonian of the single layer

graphene has form [197]

0 vpm! 0 —UN\TT
0 31\ 0
g=| "7 o , (3.42)
0 —3Z/\R 0 UF’H'Jr
—’U)\TI'T 0 VT 0
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where vy, = %, vp = ?’g—%d with vy << vp as expressed in Ref.[197], 7 = p, + ip,
and w! = p, — ip, with d being the nearest neighbor distance. The strength of
spin-orbit coupling is represented by Ag, which may be due to a perpendicularly
applied electric field or due to a graphene-substrate interaction. At low energy,
there is a change in the topology of the bands close to the Dirac points due
to trigonal warping. The band dispersion - single layer graphene with Rashba
spin-orbit interaction and bilayer graphene with trigonal warping effect - are quite

similar (we refer to fig.1(a) and 1(c) in Ref.[197] and fig.7(b) and 7(c) in Ref.[201]).

Using the above Hamiltonian, we derive the Bloch equations, which are then
solved in both the resonance and far from resonance regions [178] and expressions
for the corresponding Rabi frequencies are obtained. With Rashba interaction,
the SO coupling leads to harmonic resonances in the RWA regime (here Op =
nw — 2E, and E, = £
band respectively, where py = p, £ ip,

2D
Qrwaw = \/5% + |Tl;| Wr2 + Why; QrRwA 2w = /05 + Wh, (3.43)

Here n = 1,2 is the index that labels the harmonic resonance. In first harmonic

2

P .

—= — ugp_ + corresponds to conduction and valance
2m )

resonance |6;| << w and in the second harmonic resonance |ds|] << w. The

anomalous Rabi frequency is given by

2
Qapwa = 24/ B2 + wi”, (3.44)

4p2wRQ 2w?2 _ _JA(O 2 _
2 4 dlen ,Inw — = wp = v3|A(0)|, wre = | 2(,73‘ , 01 = w — 2k,
m = 28 A(0)

e ¢(A5(0) +4 Ay(0)) and A,(0) and A,(0) are complex. We note

that the origin of anisotropy is in the expression for the energy eigenvalue FEj.

oy N

w
where wpia =

[

Now we proceed to a graphical discussion of the consequences of these effects.

3.7 Results and Discussion

In the earlier sections, we saw how the successive inclusion of frequency doubling,

next-nearest neighbor hopping and Rashba interaction affect both conventional

and anomalous Rabi frequencies. In this section, we wish to study these effects

pictorially. Specifically, we focus on anomalous Rabi oscillations where we see

large shifts in the resonance condition brought about by a combination of frequency

doubling (counter rotating terms), next nearest neighbor hopping or Rashba effect.
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Compared to these shifts, some of which in percentage terms are infinite, the shifts
in conventional Rabi oscillations are rather tiny. This section, therefore, reconfirms
our suspicion that anomalous Rabi oscillations are a useful indicator of the nature
of low energy band structure of graphene. To obtain these plots, we have to choose
numerical values for the various constants that enter into the formalism. We have
made the following choices that are consistent with the requirements of the various

limits under consideration.

Quantity Numerical value
V=g 500 THz
vE 1 x 10% m/s
q=5= 1.42 x 10716 sec
Ema,z 250 x 105 V/m
WR 1.21 x 103rad/sec
v} 9.7 x 10*m/s
m = 0.054m? | 0.49 x 1073! kg
o 3.85 x 1073
qw 0.477
o 1.40 x 10~
“BL* 3.75 x 1074
en2 5.031 x 10~°

TABLE 3.1: *The asterisk is for the Rashba case

Sr. No. | NL | FD | Ras BSS % Shift
1. | No | Yes | No ok 0.00037%
2. Yes | No | No 1qw%, sin(36) 0.00052%
3. Yes | Yes | No Jwh(r + %) 0.00089%
4. No | No | Yes | 5 (277512};2”1‘11;‘;’202805?;?‘;2; ) 0.9%*

TABLE 3.2: This table shows the RWA case of Bloch-Siegert shift. The abbreviations

are, NL - nonlinearity, FD - frequency doubling, Ras - Rashba spin orbit interaction

and BSS stands for Bloch-Siegert shift in the resonant frequency relative to the case

with “No" for all the entries. “In the Rashba case, we see a strong anisotropy and large

shifts in the direction |cos(30))| = 1. The percentage shift in Sr. No. 4 is for the case

when cos(30)) = 0 which is when the formula for the shift is consistent with the other
assumptions.

In table 3.4, the expression for RWA Rabi frequency in Case 4 is strictly speak-
ing valid only when w%, >> “omu(6),) = —1 + 36cos(60),) — 27cos(126;)

2mv§
and x(0,) = \/u(ok) + V2y/=T + 9cos(60y ) (5cos(30x) — 9cos(96x)). Due to the presence

of the factor sin(36y) in many formulas, we see a pronounced anisotropy in these

plots. The most interesting directions are when |sin(360;)| = 0,1. The fig.(3.1) de-
picts conventional Bloch-Siegert shift due to frequency doubling that is common to
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Sr. No. | NL | FD | Ras BSS % Shift
1. No | Yes | No 0 0%
2. Yes | No | No 0 0%
3. Yes | Yes | No M; sin(36x) < 0 00
4. No | No | Yes p(0k) 00

TABLE 3.3: This table shows the ARWA case of Bloch-Siegert shift. Here p(0;) =

mfg (6c0s(30%) + v/24/(—=7 + 9cos(60y,))). The Bloch-Siegert shift (BSS) is a shift in

resonance condition for anomalous Rabi oscillations from the trivial value vsk = 0 to

the nontrivial value shown in this column. The bands are isotropic in cases 1 and 2 and

show no BSS. In cases 3 and 4 the bands are anisotropic and the minimum is shifted
to a nontrivial location and the shift in percentage terms is infinite.

both two-level systems as well as graphene. The fig.(3.2) shows that both the next
nearest neighbor interaction (nonlinearity in the dispersion) and frequency dou-
bling can lead to Bloch-Sigert shifts in the conventional Rabi frequency. However,
both these shifts are quite tiny, the former being even smaller. The figures (3.3)
and (3.4) are central to the present work. fig.(3.3) shows the landscape of anoma-
lous Rabi frequencies as a function of the wave vector. In one case the anisotropy

seen is attributable to nnn hopping and the other to Rashba interaction.

St. No. SRF (RWA) SRF (ARWA)
1. ~ WR 2k (1 — ©3)
2. 2w%(2 + qw sin(30x)) #
3. ~ swh(2 + qw sin(306y)) 0
4. \/w%ql 4 % @ 2mv3x (0 )°

TABLE 3.4: This table shows the shifted Rabi frequencies (SRF) in both RWA and

ARWA case. The ARWA Rabi frequency with both nonlinearity and frequency doubling

included effectively becomes zero at a Bloch-Siegert shifted value of the wave number
for appropriate directions. The meaning of cases 1-4 is as in the other tables.

In both cases, we see a Bloch-Siegert shift from the trivial zero momentum
anomalous Rabi frequency to a different anomalous Rabi frequency at a shifted
wavenumber in some specific directions. Since the shift is from a zero momentum
value to a nonzero value, the percentage Bloch-Siegert shift is actually infinite in
these two cases. This shows that the anomalous Rabi frequency is sensitive to
qualitative changes in the low-energy band structure of graphene and as such may
serve as an indirect alternative to determining the low energy electronic structure
of chiral massless Dirac fermion systems. In fig.(3.4) we see more clearly the
Bloch-Siegert shifts in anomalous Rabi frequency. It must be stressed that it is
the anomalous Rabi frequency that undergoes such significant shifts whereas the
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conventional Rabi frequency follows the trends of the two-level systems where the

shifts are known to be negligible.

We have looked for experimental work that may have already seen these anoma-
lous Rabi oscillations. One possible experimental tool for detecting Rabi oscilla-
tions is the pump-probe experiment. Typically, incoherent optical properties such
as optical dephasing and relaxation of band electrons in semiconductors are stud-
ied using the pump-probe experiment [49, 157] in which two successive laser pulses
are used, one to prepare the system in certain way, called pump pulse and one to
test it after a variable time delay, called probe pulse. Coherent optical effects such
excitonic optical Stark effect of a semiconductor [193-195] may also be studied
by the pump-probe technique in which the pump pulse excites the material ener-
getically below the exciton resonance and probe pulse monitors the transmission

change at exciton resonance.

In a recently published paper [202]|, we have conducted theoretical analysis of
the pump-probe experiment and computed the differential transmission coefficient
(DTC) versus the time delay between pump and probe, taking into account inco-
herent effects such as dephasing. There we showed that the DTC is a decaying
function of the time delay, due to dephasing. However, more interestingly, we
find, superimposed on the overall decay, oscillations whose frequency is precisely
the anomalous Rabi frequency we have been discussing. An examination of the
experimental work of Breusing et al [63|, specifically fig.1(c) of this work appears
to confirm our predictions, including the numerical values of the anomalous Rabi
frequency. To verify the predictions of the present work, these experiments will
have to be repeated for a range of intensities and the dependence of the anoma-
lous Rabi frequency on the field strength has to be ascertained. A quantitative
comparison of the present work with already published experimental works such
as Breusing et al [63] is not possible since such data are presently unavailable in

the public domain.
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FIGURE 3.1: The first figure demonstrates the cross-over phenomenon spanning both
the conventional and anomalous resonance regions (2 = Qrwa Or Qarwa). The sec-
ond figure shows the conventional Rabi frequency with and without frequency doubling.
The lateral shift in this plot is the conventional Bloch-Siegert shift. The BS shift in
this plot is exaggerated for clarity by choosing £ = 0.1, parameters are plotted in unit
of wand zp = vr(ps — ipy).
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FIGURE 3.2: In the first figure the conventional Rabi frequency including nonlin-
earity with and without frequency doubling is plotted, depicting the conventional
Bloch-Siegert shift as in fig.(3.1). The second figure shows a much smaller Bloch-
Siegert like shift even without frequency doubling, due to nonlinearity(on considering
sin(30;) = —1, 2z, = vp(pPs — ipy))-
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Kx

F1GURE 3.3: The first figure is the plot of the anomalous Rabi frequency versus the two
cartesian components of the wave vector including the Rashba effect. The second figure
is a plot of the anomalous Rabi frequency including frequency doubling and nnn hopping
but no Rashba effect. In both cases we see strong anisotropy. In particular, there are
new minima in appropriate directions away from the trivial minimum corresponding to
Bloch-Siegert shifted anomalous Rabi oscillations.
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FIGURE 3.4: The first plot shows the anomalous Rabi frequency versus wave number
in the Rashba case, indicating a new Bloch-Siegert shifted minimum. The parameters
are plotted in unit of 1073w (here cos 36 = 1). The second plot shows the nnn hopping
and frequency doubling case (parameters are plotted in unit of w, here we have chosen

5in(30r) = —1, 2. = vr(pe — ipy)).
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3.8 Conclusions

In this work, we have highlighted the nature of changes in the resonance con-
dition of Rabi oscillations (known as a Bloch-Siegert shift) in graphene due to
band anisotropy. This is in contrast to the conventional Bloch-Siegert shift that
is due to strong fields alone and is associated with Rabi oscillations near con-
ventional resonance. However, graphene exhibits anomalous Rabi oscillations far
from conventional resonance. The anomalous resonance condition itself undergoes
a Bloch-Siegert shift in the presence of band anisotropy, which in percentage terms
is infinite, unlike the tiny shifts are seen in conventional Rabi oscillations. This
observation reinforces the assertion we have been making namely that anomalous
Rabi oscillations are a useful probe of the low-energy band structure of graphene,

in particular and chiral massless Dirac fermion systems, in general.

3.9 Appendix

3.9.1 Derviation of Bloch Equation in Graphene

Hamiltonian of graphene has the form
H = vp(py0, + pyoy). (3.45)

Writing equation (1) in matrix form

0 s+ 7
H =g ' P 1Py
Pz — 1Py 0

y= H

So the Hamiltonian in second quantized form

0 Pz — ipy CA
Dz + ipy 0 CB ’

H =vp [(p: — ipy)chB + (pz + z’py)cEcA].

The state vector of above equation

H = |:CT4 CTBi| Vp
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The commutation relation for fermionic operator
[AB,CD] = A[B,CD] + [A,CD]B,

= A[{B,C}D — C{B, D} + [{A,C}D — C{A, D}|B,
— A{B,C}D — AC{B, D} + {A,C}DB — C{A, D}B.

So Bloch equation (clyc4), < chep >, < clyep >, < cheq >

d<cies > : j
Zd—é = ’UF [(px == Zpy)c;gCB - (px + Zpy)CTBCAL
d< cl cp > . ;
(IS 2, < ipy)elien + (0 + ipy)cheal

We define ngifp(p,t) =< CL‘CA > — < chB > and P(p,t) =< CLCB >. So

. dndiff(pa t)
/L—
dt

= 2vp [(ps — ipy)chicn — (pa + ipy)cheal,

. dndiff (p7 t)
Z—
dt

Now first equation for polarization

= 2vp [(pe +ipy) P(P; 1) = (px —ipy) P*(p, 1)) (3.46)

d<cheg > .
zd—“;B = vr (pz + @py)[chA — cch].
So finally equation will be

dP(p,t .
;‘Z >:vp (Do + 1Dy )nais (P, 1) (3.47)

i
Now Second equation for polarization

Z,d < CECA >

f
dt ]

= vr (pa — ipy)[chen — chea

So finally equation will be

dP*(p, 1)
/II—

dt = —Vp (px — ipy)ndiff(p, t) (348)

On including vector potential i.e. p — p — ic(o)e*i”t. Here A(0) = A,(0) +iA,(0)

A0) _.
€ ( )€—zwt) ,
C

Do + ipy = (pz +ipy —
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. . GA* (0) iwt
Pz — 1Py = \ Pz — 1Py — - e .
If we consider
Zp = Do + 1Dy,
Rk = Pz — Z'pya

2 = ~[As(0) + 4, (0)]

&

s = C[41(0) —143(0))
So Bloch equation will be
dngifr(p,t) ' eA*(0) .
=g = 2 || pe—ipy - — ) Ppy)
A(0) .
- (px 4= ipy _ € C( )e—zwt) P*(p,t)] , (349>
dP(p,t . eA(0) _,,
l Eip ) = VUfp (p:c = 1Dy — —( )6 t) ndiff(p, t), (350)
t C
dP* 7‘[; ) eA* O i
i Cgtp ) = —Up < z — WPy — C< )6 t) ndiff(p,t). (351)

Above equation in terms of z}, 2, 2g, 25 and we define 24 = zge ™!

R R oy [ — 2 Pp,) — (= ze) P(p,0)],  (3.52)

dt
dP ’t * — 1w
Z—g; ) =R (Zk — ZRe t) naiff(P, 1), (3.53)
dP* 7t * _tw
z—a(lf ) = —up (zk — zhe t) nairr(P,t). (3.54)

3.9.2 Derviation of Band Curvature Effects in Graphene

H=—t Z (ajabjg + h.c.) —t Z <a;-raaja bl b+ h.c.) , (3.55)

<ij>o <<ij>>o

1 .
bjg = —= Y _ € by, (3.56)
VN 4
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1 "
Qig = —F— e .rA’i(lko—. (357)
oy
Lattice A contains carbon atoms at locations
FA(Tll, nz) = n1A1 + ngAQ. (358)

A, = V3a,. (‘/7% + %j) and A, = \/gaccj' and lattice B also contains carbon

atoms at locations
7 B(ny,ny) = el + 1A+ 1Ay, (3.59)

where a,. is the nearest carbon-carbon distance.

— — / / / A 1/\,
1~ A(nl,’)’bg) —7r B(nl,n2) = (nl = nl)\/gacc (gl + 5])

+(ng = N4)V30ee J — Gecl. (3.60)

A, = V3a,, (‘/735 + %j) and Ay, = \/gaccj' and lattice B also contains carbon

atoms at locations

T B(nl, TlQ) = accg = n1A1 -+ 7’L2A2, (361)
(Fag — 7aq) = (ny — )y + (ny — na)da, (3.62)

- N 7 3@ ’ 1 ’ ~
(Fay; — Tai) = (ng — n1)Gee §z e {(nl —ny) - + (ny — nQ)] V3. 7. (3.63)

From above equation, nearest neighbors choice will be <0, i\/§> aee and (j:%, i\é) Qee-
- Ad —’Bj ’ 3 A / 1 / ~
Fot =Pl = (ng — n1)§ — 1) act+ | (n1 — n1)§ + (ng — ny) | V3]
(3.64)
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From above equation, nearest neighbors choice will be (—1, 0)ac, (% i) aee and

1 3
<§7 _\/7»> Qcc-

H= (Y > Z( 4575 (af axy + W bis) + D)

o <<ij>>

Y~ Z( —ik(rai—rs;) gf bkg—i—hc). (3.65)

<ij>o

The Hamiltonian becomes

= —l Z Z < akgakg —- bkgbka) + h.c. )
>3 () afyheo + hc). (3.66)
o k
Here

g(k) = ™ OV3ace 4 ik (0.~vB)ace 4 gik(3, % )ace | o (3.8 )aee

fe(BoF)e y (P (367)

flk) = e 10 4 e (3o | (3 e (3.68)
We can write above equation in form

1 ipy\/gacc _ipy \/gacc i(pz %+py§)acc i(_%pm+§py)acc
g e +e +e J4e

+ei(%px_§py)acc +6i(—%pm_§py)acc7 (369)

f(k) — eipzacc + e_i(%pz“'?py)acc + e_i(%Pz_gpy)acc. (370)
We expand around K = (Sa7r '3 \[acc) k=K +p.
9 2 2

gk)= -3+ Z(px +p,) + s (3.71)

iﬂvmﬁ+iuwﬁw

FO) = 3= = VB)(pa — iny) + -

Ez(z +V3)p? (3.72)
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J0) = 2= V) (= i) + St )+ (BT
F) = =56 [ — i) + 500 + i)+ (3.71)

The Hamiltonian is (the phase factor e's may be absorbed into the definitions of

a and b)
H= < —2t (*3 + %(pam)z) % [(pg; —ipy) + iaf(px + ipy)ﬂ )
Moee  [(po +ipy) — %= (Do — ipy)?) 2t [~3 4+ 9(pac.)?]
(3.75)
Here, vp = 3th€ is the Fermi velocity.

3.9.3 Conventional Way (Old Approach) of Bloch-Siegert Shift in Graphene

- Linear Dispersion

The graphene Hamiltonian has from

0 r — 4
H = vp - Py (3.76)
i -+l 0
On applying vector potential
0 . — ; — eA* iwt
H = vp . ‘ (p Zpy) c 0€ ’ (377)
(P + ipy) — SAge™™" 0
0 i ‘ 0 0 0 —<2Aj
H = vy ' (P2 — ipy) J ey + ey 0
(pz + ipy) 0 —£4; 0 0 0
(3.78)
We know Ay = A = g—g and wg is Rabi frequency.
0 e — 1 . 0 0 10
H = vp B ik 20 et [0OFRL(379)
(ps + ipy) 0 wr 0 0 0
From evolution equation
.0
zaz/}(t) = Hi(t). (3.80)
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Let we write eigenvector

O(t) = [“(?] | (3.81)

For solving above evolution equation in case of graphene, first we do diagonaliza-

tion by matrix

M {7 e [m@], (3.52)
v(t) 1 1 vi(t)

Applying transformation u (t) = e*VP+Piu,(t) and vy (t) = e VP Piyy(t) (con-
sider A =1, vp = 1), we will get equations
P o—itw \/me o o—it(w+21/P2+13) (po — ipy) Wi
2 - (Y

: u
ot 2p, + 2ip, 2,/p: +p;

2(t)

¢t (py + ip,) wRu o pit(w=24/p2+97) (Po + ipy) Wi

RS NET

a(t), (3.83)

0 e—it(w—2\/p§+p§) /—pg T p2wp e~ (p. —ip,) w
i—us(t) = Y —uy(t) — (p Py) Rvg(t)

ot 2p, + 2ip, 2\/pi + pi

VIR (p, +ip,)wr (1) - Tt iR
2\/P2 + 12 . 2R

For seeing effect of off resonance term, we are only considering them and leaving

(3.84)

other term from above equation

8 67it(w+2 p§+p§) (px - ipy) WR
v

9 ) = _eit(w+2,/p%+p§ ) (pz + ipy) wr ) (3.56)
Z@tv2 = ZM U2 . .
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After substitution in eq. (3.86) in eq. (3.85), we get the equation

2

{g—;w(t) + i <w +24/p2 +p§> %UQ(t) + uil—lufuz(it)] =0. (3.87)

The solution of above equation has form like uy(t) < e, so we can write

2

w
—a2—|—(w—|—2,/pg—l—p§>oz+f:(), (3.88)

o =

o+ 2VFEFR) @2V + e
2 2

= oy, (3.89)

By Taylor’s expansion, if w,wy >> ke

2

. Wr
a+_(w+2,/p§+p§)+4(w+2\/m), (3.90)
z TPy

2

Wr
a_ ~— . 3.91
4(w—|—2\/p§+p§) (3:91)
The solution of equations (3.85,3.86) have form
: — 1 1 :
uy(t) = Ae "+ — (P = ipy) W wR—Be_w“*t, (3.92)
2Pz +py -
/D2 + p? : :
vy(t) = =2~ Aeiwtwomar)t | Beilwtwoma)t (3.93)
(pac - Zpy) WR
uy () = VPRI (t), (3.94)
01 () = e IV, (1), (3.95)
So
w(t)| | eV () (3.96)
u(t)| e_it\/mvg(t) ’ '
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et PEAPy [ pp—iart _ Rr—ywr 1 po—ia-t
24/p2+p2 -

us (1)
[U1<t)] efit\/P%er% (_2 \/P3+p] Aei(w+woa+)t+Bei(w+woa_)t)

(pz—ipy)wr

. (3.97)

—i(a+—«/p,%+p2 )t _ (Pa—ipy)wr 1 —z’(a,—\/pg—&-p?)t
_|* T e y (3.98)
-9 VPi Py Aei(w+w70—a+)t + Bei(w—l—%—a,)t

(P —ipy)wR

[ul(t)

(1)

[uu)] e [“1@], (3.90)
) 1 1 vi(t)

(3.100)

~ YR
a+_(w+2,/p§+pf/>+4(w+2 ) (3.101)
x Y

a_ ~ — ) (3.102)

. W2 w
I G e

t
wl)| , (3.103)
vi(t i [w+“’20+“”% } t
Be 4(W+2\/P%+p§>
" A —i(wt Lt )t
wlt)| _ jAe . (3.104)
Ul(t) Bez(w+7+a_)t

This implies that energy of upper level is shifted upward by ha_ and lower level
is shifted downward by ha_.

hawpy

2(w+2yP2+p2)

2ho_ ~

(3.105)
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If we want BS shift at resonance condition i.e.

(w=2y/m+p ) =0=w=2/p2+p2 (3.106)

So

huw? huw?
2ha ~ £ = L (3.107)

2(2\/P2+p2+2/P2+p2) 8\/p:+p?

This is Bloch-Siegert shift, which is exactly matching with eq.(3.30).
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Chapter 4

A Theoretical Analysis of the
Pump-Probe Experiment in

Dirac-Weyl Systems

4.1 Introduction

In science, verification of a theory is usually accomplished by performing a suitable
experiment. As theorists, our resources are limited and we are unable to perform
the experiments ourselves. The next best alternative is to suggest an experiment
and provide a detailed analysis of the outcome of this experiment. So that in-
terested experimental groups with the requisite resources and expertise may then

carry out the suggested experiments.

In this chapter, we have described pump-probe spectroscopy [62-64, 202, 214],
which is used to justify the phenomenon of anomalous Rabi oscillations [155] -
a central idea in this thesis. By using the pump-probe experiment, incoherent
optical properties such as optical dephasing and relaxation of band electrons in
semiconductors have been studied [48, 49]. In this experiment two successive laser
pulses are used, one for exciting the system in a certain way, called pump pulse
and other to test it after a variable time delay, called probe pulse. Femtosecond
laser pulses are required for studying these incoherent optical properties because
time scales for these phenomena are short (sub picosecond). The pump-probe
technique can also be used for studying the coherent optical responses e.g. the

excitonic optical Stark effect (EOSE) in a semiconductor [193-195|. In the thesis,
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we have described an interesting, coherent optical phenomenon viz. anomalous

Rabi oscillations using pump probe spectroscopy.

4.2 Problem Formulation

The pump-probe method is a well-known technique used to investigate nonlinear
optical phenomena experimentally [63, 215, 216]. It involves exciting the sample
with a high-intensity ultra-short duration laser light and then after a delay probing
the sample with a much weaker version of the same pulse. This method has been
used successfully to establish the presence of Rabi oscillations in semiconductors
[215, 216]. Ultrafast carrier relaxation phenomenon has been studied experimen-
tally by Breusing et al. [63] using the pump probe method in graphene. Conven-
tionally, the differential transmission coefficient (DTC) is plotted as a function of
time delay and the dephasing times are extracted from it. We wish to use this
approach to establish the presence of anomalous Rabi oscillations. We do this by
plotting the DTC not versus time delay but versus the duration of the pump pulse
(alternatively, versus “area of the pump pulse”) [215, 216]. When everything else
remains fixed, this plot shows periodic oscillations with the characteristic anoma-
lous Rabi frequency. Dephasing is introduced in a phenomenological manner to

make the analysis more realistic, but is not the central theme of this analysis.

In this chapter, we describe the expected outcomes of an experiment for de-
tection of anomalous Rabi oscillations (ARO) in Dirac-Weyl fermionic systems by
performing a theoretical analysis of the proposed experiment. The experimen-
tal method, which we suggest for detecting anomalous Rabi frequency is known
as the ultrafast pump probe technique. First, we derive rate equations for the
amplitude of matter waves in a Dirac-Weyl fermionic system in the presence of
a pump field considered as a pulse. Then we linearize evolution equation for a
weak probe pulse and compute the differential transmission coefficient (the probe
transmission with and without the pump) and see how this differential transmis-
sion coefficient behaves in various Dirac-Weyl fermionic systems. The differential
transmission coefficient is seen to be an oscillatory function of the pump-probe
delay. The slowest frequency that may be discerned from these oscillations is
precisely the anomalous Rabi frequency. Hence this is an explicit experimental
method to study these anomalous oscillations. Dephasing merely diminishes the

amplitude of these oscillations but not the frequency.
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In this chapter, we describe the pump-probe experiment. Typically this method
is used to investigate incoherent phenomena such as dephasing. However, the aim
of the present work is just the opposite viz. to study coherent phenomena using
pump probe spectra. It is certainly true that by measuring the dependence of the
differential transmission coefficient on the time delay between pump and probe
pulses, it is possible to extract dephasing and other relaxation rates. However, it
is interesting to note that from this plot (differential transmission coefficient vs.
time delay) it is possible to infer the existence of anomalous Rabi oscillation which

is a coherent phenomenon.

4.2.1 Pump-Probe Spectra in Graphene

Many studies have been conducted on dephasing of transient excitations in graphene
placed on different substrates [62-67, 217, 218]. When graphene layers are epitax-
ially grown on SiC substrate [64], ultrafast relaxation of photogenerated carriers
depend upon carrier-phonon and carrier-carrier scatterings. An examination of
the plot between the differential transmission coefficient T;,—OTO where, T'(Tp) is the
probe transmission coefficient with (without) pump field, vs time delay between
pump and probe pulse shows two types of relaxations 7; and 7, with a concomitant
dependence on the pump pulse energy and temperature. The short relaxation time
71 has a range of 70 — 120 fs and the long relaxation time 75 has a range 0.4 —1.2ps
[62]. Short relaxation 7 is due to the intraband carrier-carrier scattering, which
produces quasiequilibrium states with a Fermi-Dirac distribution. The slower time
delays 7y is typically due to intraband carrier-phonon scattering and is responsible

for energy relaxation.

Considering the case of graphene on the mica substrate, the experimental plot
between the differential transmission coefficient T;—OTO vs. delay time between pump
and probe pulses of carrier relaxation by using femtosecond laser [63], is almost the
same as earlier experiments [64] possess, some intermittent discrepancies in sign.
First, there is some increase (almost linear) in differential transmission coefficient
comes in the plot due to the presence of Pauli blocking ! or due to the repulsion by
the initially generated electron-hole density on further generated photoelectrons.
Then there is a decrease in transmission coefficient; it comes in the plot due to
intra-band carrier-carrier and intra-band carrier-phonon scattering. From this, we

can conclude that carrier relaxation in graphene is almost same as that of graphite.

'Pauli blocking occurs when the final transition states are filled, so an incoming electron can no
longer do that transition.
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This shows that coupling between different graphite layers plays a minor role in
ultrafast carrier relaxation. Time resolved terahertz spectroscopy is one of the
powerful tool for investigation of carrier dynamics in semiconductors [218]. The
study of multi-layer graphene nanostructures is very important for applications to
optoelectronics [219, 220].

4.2.2 Pump-Probe Spectra in Topological Insulator

Many pump-probe studies have been carried out in TI, as described below. Optical
pump-THz probe spectroscopy at low temperatures and the behavior of hot carrier
response in thin BisSes films of several thicknesses are able to distinguish the
bulk from surface transient response and can be utilized in future optoelectronic
applications [221]. TT exhibits spin-dependent signals only during laser excitation.
They reveal themselves while studying real and imaginary parts of the complex
Kerr angle upon disentangling spin and lattice contributions. This signal is seen
only when the pump-pulse is present and may be expressed in terms of Raman
coherence time. So there is a coherent femtosecond control of spin-polarization
for electronic states at near the Dirac cone [222]. Pump-probe spectroscopy can
also be used to study carrier and phonon dynamics in BisSes crystals. There are
oscillations in differential reflection, which have two distinct frequencies and are
attributed to coherent optical and acoustic phonons, respectively [223]. Pump-
probe photoemission spectroscopy has been used to study optically excited Dirac
surface states in the bulk-insulating topological insulator BisTeySe. The observed
optical properties are in sharp contrast to those found in bulk-metallic topological
insulators. There is a gigantic lifetime for excited surface states in the bulk of a T1,
giving strong evidence for a power-law charge relaxation. This is evidence for two-
dimensional electrodynamics and provides a direct optical signature of low bulk
conductivity in a TI. From this observation, there is opportunity of development
of optical devices, like optical p-n junction and a solar cell using optically excited

Dirac surface states [224].

4.2.3 Pump-Probe Spectra in Weyl Semimetals

In future study, pump-probe ARPES (angle-resolved photoelectron spectroscopy)
is able to see the Fermi arc in Mo, W;_,Te,, which is a Weyl semimetal [225, 226].
By using first principles calculations it can be shown that femtosecond laser pulses

with circularly polarized light can be used to switch between Weyl semimetal,
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Dirac semimetal and topological insulator states in a generic three-dimensional
(3D) Dirac material [227].

In the present work, theoretical modeling of the pump-probe experiment is done
in order to observe the anomalous Rabi oscillations in these Dirac-Weyl fermionic
systems. This is similar to experiments performed by the above authors especially
Kumar et.al. [62], Breusing et.al. [63] and Dawalty et.al. [64]. While these authors
focus on the incoherent aspects, the main focus of the present work is anomalous
Rabi oscillations - a coherent phenomenon. If a quantum system interacts with
a (classical) environment it is known as an open quantum system. This causes
dissipation in the quantum system which manifests itself as a non-unitary time
evolution of the wavefunction of the quantum system. It is imperative however, to
ensure that probability is conserved even though the time evolution is non-unitary.
This is typically done by the Lindblad super-operator method [228] which modifies
the evolution equation of the density matrix of the quantum system. For the
present purposes, a simpler alternative has been found which involves modifying
the evolution equation for the wave function directly to include dissipation which

leads to a nonunitary time evolution but is nevertheless probability conserving.

4.3 Dephasing in Open Quantum Systems: The Lindblad

Superoperator

If a quantum system interacts with a (classical) environment, it is known as an
open quantum system. This causes dissipation in the quantum system which
manifests itself as a nonunitary time evolution of the wavefunction of the quan-
tum system. It is imperative however, to ensure that probability is conserved even
though the time evolution is non-unitary. This is typically done by the Lindblad
super-operator method [228| which modifies the evolution equation of the density
matrix of the quantum system. For our purposes, we have found a simpler alterna-
tive which involves modifying evolution equation for the wave function directly to
include dissipation which leads to a nonunitary time evolution but is nevertheless

probability conserving.

We know Liouville’s equation in term of density matrix in a closed system is

ip=[H,p|. (4.1)
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So its solution p(t) = ep(0)e *H will take form according to the (strongly
continuous) unitary group related with Hamiltonian and density matrix is just
a unitary conjugation of the density matrix from which we started. There is no
change in the spectrum and the initial pure state (rank-one projection) always

stays in a pure state.

However, if the external environment (bath) affects the system under study, the
spectrum of p changes continuously. We can also choose a model (bath + system)
with Hamiltonians and then solve the whole system. However, there is a way for
trace out the bath directly and getting evolution equation for the remaining system
for which we are interested. So we design a master equation for open quantum

system known as Lindblad equation [228] has following form

1 1
) = —i[H ApAT — ZATAp — ZpATA 4.2
p=—if ,p]+27( pAT — SATAp — —p ) (4.2)

where second part of RHS of above equation known as the Lindblad superoperator

and equation can be rewritten as:
p = —ilH, p] + L(p). (4.3)

The Lindblad superoperator L(p) is used for environmental conditions that make
up the open quantum system such as dephasing and relaxation. The operator A
inside Lindblad superoperator is collapse operator and crucial for defining what the
Lindblad superoperator describes. For different environments, different collapse
operators are used. 7y is an important constant which belongs from dephasing rate,
rephasing rate, relaxation rate, etc. Actually, it is a corresponding rate for the

coupling of the environment to the system.

4.4 The Pump-Probe Experiment

A quantum system typically interacts with the environment whose characteristics
are known imprecisely. Such a system is known as an open quantum system. We
have proposed an alternative to the Lindblad technique which involves introducing
dephasing directly into the evolution equation of the amplitude of matter waves
without compromising probability conservation. We now go on to discuss the

various time scales and the phenomena that occur in those time scales. This
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broadly consists of two parts - the times where the pump fields are present and

the times when the system is being probed by a weak probe field.

4.4.1 Pump Equation
4.4.1.1 Case I: For Time ¢t < O:

In this case, the system is in equilibrium i.e. in the ground state, and no external

field is applied. Evolution equation has the form

i0p(p,t) = Ho(p)y(p, 1) (4.4)
This means, (p, t) = e @) 3)(p,0) = 1, (p, ), where b, (p, ) is the reference

equilibrium wavefunction of the bulk.

4.4.1.2 Case II: For Time 0 <t < tp,:

During this time the pump field is on and the wavefunction evolves in the following

manner
0P, 1) = Ho (P — “A®)) $(p, ). (45)

Thus equation has a formal solution as follows
U(pytp) = T (7 7 @A) g p, ), (4.6)

where T is the time ordering symbol. We assume that for the duration of the
pump pulse dephasing effects have not set in - largely due to the short time scales

involved.

4.4.1.3 Case III: For Time t > t,,:

Once the pump fields are turned off, dephasing sets in. Evolution equation is

modified in the following manner to capture the phenomenon of dephasing

i00(p.t) = HoP)o(p. 1)~ 7-(6(p6) = ALu(pit)). (47
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Here T) is a quantity which fixes the dephasing time scale and A(t) is a real function
of time which is called the dephasing scaling function which has to be chosen to
ensure norm conservation. Furthermore it is such that A(f — oo) = 1 which
ensures that long after the pump pulse is turned off, the wavefunction returns to

the equilibrium form. This means

Y(p,t) = e tmto® (6_%@ V(P tyu) + /t t % ¢ gD ) A@’)) :
(4.8)
On taking complex conjugate of eq.(4.8)
_Go=tpu) tdt -n .
Wi(p,t) = (e % N (p,ty) -I-/tpu i e T2 ¢lq(p7tpu) A*(t’)) ei(t—tpu) Ho(p)
(4.9)

Now we are verifying probability conservation. So first we calculate ¢ (p, )¢ (p, t).
However, as it stands there is no guarantee that this time evolution is norm-

preserving. Probability (norm) conservation means, 1 = 3_ VT (p,t)Y(p,t). De-
fine W= 3" Yl (Ps tp) ¥ (P, tpu) and

o(t) = ( /t t ‘% 72 A(t’)) | (4.10)

pU
Hence imposing norm conservation implies

_(t*tpu) _(t*tpu) _(t*tpu)
l=¢ ™ (e 4+ W z*(t)> + (e o W+ z*(t)) z(t),  (4.11)

(t—tpu)

1= [e(T) + (W () + W*z(o)e*T + z*(t)z(t)] . (4.12)

This in turn means the A(¢) - the dephasing scaling function, has to be chosen in
such a way that eq.(4.12)

1 _ 2(t—tpu) tpu—t
Z(t)=§(\/(W+W*—2)(W+W*+2)e T 44— (W+WHe & )
(4.13)

These choices ensure that not only is the evolution non-unitary and hence is able

to capture dissipation effects but is also norm preserving which is mandatory in
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quantum mechanics. The present approach is more direct than the usual approach

based on the Lindblad superoperator method applied to the density matrix [228|.

4.4.2 Probe Equations: t > t,, + 74

The effect produced by the pump pulse can be studied by a probe field which
by virtue of being weak, obeys a equation that is linear in the probe strength.
For linearizing evolution equation, we make the substitution ¢ (p,t) — ¥ (p,t) +
Y (p,t). 0Y(p,t) is the linear response function due to the probe pulse dA(t). Tt is
assumed that the probe pulse is switched on after a time delay 7, after the pump

pulse is tuned off. So

i0,(v(p,8) + 00(p,1)) = |Ho(p— (A1) +0AWM) ) | (v(p, 1) + 00(p.1)).
(4.14)

Assume that derivatives of Hy(p) higher than second in p vanish identically. We

expand Taylor series expansion in following expression:

0, (w(p. )+ du(p.1)) = |Ho(p) = = (A(t) + FA(1) V, Ho(p)]
(v +dup.1).  (415)

i0,((p. 1)+ 00(p,t)) = Ho(p)(¥(p.t) + 00(p,) ) = = (A(t) + 6A(1))

Y, Ho(p) (4(p, ) + 50(p.1) ).
(4.16)

i0,(v(p.1) + 0(p.1)) = Ho(p) (v(p.1) + 6:(p.1) ) = A (v(p.1)
+06(p.t)) = SSAWV,Ho(p) (¥(p.1) + (1)), (4.17)

Since we are discussing the case of non-overlapping pump and probe pulses. So

the above equation becomes

0,5(p,) = Ho(p)ov(p.1) = * (FA() - Vi Ho(p) ) (p.1). (4.18)
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Define
V(p.t) = T (T, Ho(p)) ). (419)
Such that
e t )
(p,t) = — / dt! R (GA(H) - V(p,t) )P, t), (4.20)
tpu—‘er

where 7,4 is the time delay between pump and probe. Hence the solution of above

equation has the form
. t
Sip.t) = [ at O (GAW) - Vo Hop) ) (pit). (12D
tputTd

Here 74 is time delay between probe and pump pulse.

4.4.2.1 Probe Without Pump

The probe response without pump is first studied and forms the reference against
which deviations caused in the probe response had a pump pulse preceded it, could
then be computed. The probe wavefunction in absence the the pump is denoted
by d1). When the pump pulse preceded it the probe wavefunction is denoted by
01,. In absence of the pump pulse

50(p, £) = eitHo®) 1€ / o (SAW) - V(D,1)) g, 0). (4.22)
tpu+Td

@

4.4.2.2 Probe With Pump: ¢ > t,, + 74

From the earlier section, we know

_ (t—tpu)

B(p 1) = ¢ it Hole) ( B Do ty) + 2(0) weq<p,tpu>), (1.23)

20— tpu) tpu—t
(\/(W+W*—2)(W+W*+2)e_ o +4— (W4+Whe T )
(4.24)

N
~
~
N—
I
N | —
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In case of probe with pump ¢t —¢,, >> T5. So

1 tpu—t W4+ W*)  tpu-t
z(t)z§<2—(W+W*)e £ )z (1—%6 T ) (4.25)

Inserting the value of z(t) in eq.(4.23)

_ (t—tpu)

U(p,t) ~ e~ i(t=tpu) Ho(p) [e T ah(p,tp) + <1_

Yea(Ptp)|, (4:26)

—i(t— _(t*tpu) W —|— W* _(t*tpu)
¢(p,t) ~ e Ut=tpu)Ho(p) {e r = w(p,tpu)—% e T %q(p,tpu)]
+€_i(t_tpu)H0(p)’(/)eq(p, tpu)7
(4.27)
il _ (t—tpu) W+ W+
Y(p, )~ e TRl |:¢(patpu)_% weq(patpu)]

_i_e—i(t—tpu)Ho(p)q/,eq(p’ tpu).  (4.28)

Hence for t — t,, >> T5

_ (t—tpu) i(h— W+W*
YRR Y(p, 1) e T e (wp,tm)—(g—)

Va(pit)), (4.29)

where e~ (¢t Ho(®)y)y (p t,,) = hey(p, t). If we define

; W + W+
O(p,tou) =€ tpuHo(P) (z/;(p,tpu) — (T) ¢eq(P7tpu)> . (4.30)
So
V(P t) = Yeg(pPyt) +e T2 e o(P, tpu), (4.31)
It is defined t — ¢, = 74, then
PP, 1) % g (po ) + € T e P 3t ). (4.32)
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So probe with pump have form

ie [* 1 _i(t'—t)Ho(p) /
(1) = ¢ / at' M) (GA(K) -V Ho(p)
t

putTd
(¢6q(p7 t/) + 67% eiit/HO(p) ¢(p7 tpﬂ))’ (433)
5. (p,t) = e [' dt’ =@ (§A () . V, H, '
(P, )_ ? . € (t) P 0(p) ¢eq(p7t)
putTd
A X 0l i
+€_itH°(p)e_T§§ dt’ (SA(t) - o)y Hy(p)e " HoP)) o (p, tpu)] .
tputTd
(4.34)
Define
. t
1€ )
OYNopump = - / dt’ TP (GA(H) - Vo Ho(P))Yeg(p: ). (4:35)
tputTg
So the above equation will be
T, ) t
5¢*(p7 t) = [6¢N0Pump + e—itHo(p)e*ngg dt/ (6A(t,) . V(pa t,))
tputTg

where,
V(p,t') = e Ho®) (v Hy(p)) e Ho®), (4.37)

The differential transmission coefficient is defined as

AT  Integrated probe strength with pump — Integrated probe strength without pump

T Integrated probe strength without pump
(4.38)
Hence
AT _ 2p < (09:(p,1))"0¢(p.t) > — 37, < (3¢(p. 1))"0¢ (P, t) > (4.39)
T >op < (09(p, 1)) 09(p,t) > ' '

Assuming 75 >> T,. So
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67% ZP <fttpu+‘f'd dtl wlq(pa 0)(5A*(t/) ! V(p7 t/)) fttpu"er dt/ 6A(t/) ' V(p’ t/) ¢(p7 tPU)> + e

S (1t OA®) -V (2,#)) g (0, 0) )
(4.40)

4.5 Differential Transmission Coefficient of Dirac-Weyl Fermionic

System

The computation of the differential transmission coefficient (DTC) involves sum-
ming over momenta in the Brillouin zone. In this work, we consider only low
energy physics close to the Dirac/Weyl nodes. Therefore, it is imperative to look
for physical quantities that are insensitive to short distance physics and are in-
dependent of large momentum cutoffs that are always needed to render integrals
over momenta, finite. The DTC itself depends strongly of these cutoffs. Hence, we
recommend studying the following ratio x(,.) (versus t,,), which may be shown
to be independent of large momentum cutoffs.

o AT
Otpu T

X(tw) = — (4.41)

Tt

AT

tpu=tg T

where t,,, is the pump duration and ¢, is some fixed pump duration which is in

some fixed ratio relative to the intrinsic time scales in the problem.

4.5.1 Graphene and Weyl Semimetal

For graphene, the low energy Hamiltonian has form Hy = vpyo,+vp,o, so Vo Hy =
V041 + vayj. In case of Weyl semimetal, the low energy Hamiltonian has the form,

Hy = vpyo, + vpyoy + +vp.0o, so Vo Hy = va,ﬁ + Uayj + vaz/%. We have defined
V(p,t') = "0 (T, Hy(p) ) e Hol®), (4.42)
Vector potential A(t) has form

A(t) = A ()i + Ay (1)) + A(t)k, (4.43)
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Az iwt A* —iwt A zwt + A* —iwt Az iwt A* .
N G AT T A0 T (qa4)
2 2 2

Applying condition A,y = A, Ay = Ae'> =iA and A, =0
A(t) = Acos(wt)i + Asin(wt)j. (4.45)
So vector potential in probe has form
SA(t) = 0A( cos(wt)i + sin(wt)j’). (4.46)
So
(5A(t') -V (p, t')) =0A [cos(wt/)eit,HO(p)vaxe_it,HO(p)
+ sin(wt ) et HoP)yg =it Ho®)| (4.47)
Let’s take first part of numerator of eq. (4.40)
¢
— [t Ul p.06A () V(p.1)) (4.48)
tpu“‘Td
t / 4! 4/
= / dt’ V,Deq(p, 0)6A |cos(wt )e" Ho(P)yy_e =t Ho(P)
tpu+7—d
+ sin(wt,)eit/HO(p)vaye_it/HO(p)] , (4.49)
B / 4! 4/
= / dt’ weq(p, 0)8 A cos(wt )t HoPlyq, it Holp)
tpu+Td
t
+/ dt’ @Z)eq(p, 0)d A sin(wt e Ho®)yg, o=t HolP) (4.50)
tputTd
If w is very large
. t /
= ¢!, (p,0) ’tHO(p)vaxe_’tHO(p)(SA/ dt' cos(wt )
tpu+Tg
t
+!,(p,0)e itHo(P)yy 7 e~ iH0(P) 5 A dt’ sin(wt), (4.51)
tputTq
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o
= Ueg(p, 0)" P 075 [sin(wt) — sin(w(tpu + 73))]

; 0A
—l,(p,0)e ”H(’(p)wye_’m“(p)j [cos(wt) — cos(w(tpu +7a))], (452

- weq(p, 0) [Py e~ H0P) [sin(wt) — sin(w(tp, + 74))]

_eltHO(p)Uo'yeiitHo(p) [cos(wt) — COS(W(tpu + Td))] ) (45?))

Other term of of numerator of eq. (4.40)

= /t t dt' SA(t) - V(p,t') é(p,tp). (4.54)

putTd

If w is very large

dA | . :
= — [e”H"(p)vaze_”HO(p) [sin(wt) — sin(w(tp, + 7a))]
w

—tHo®)y g, e ~HHOP) [cos(wt) — cos(w(tpu + Ta))]] (P tpu)- (4.55)

So

t

[ @ i 0eaw) V) [ dl Aw) Vi.t) otp.in)

pu +7d tpu +7d

[ %q(P’ 0) [e™0® v, e ) [sin(wt) — sin(w(tp + 7a))]
=0 Plyg e 0P [eos(wi) — cos(w(ty, + 74))]]
0 9,0 [P e ) i) —sin(cty + )

—eitHo(p )vaye_”HO(p) [cos(wt) — cos(w(tp, + Td))ﬂ A(Ps tpu), (4.56)

= (5;4) ¢lq(P7 )( [sinz(wt) + sin2(w(tpu + 7q)) — 2sin(wt) sin(w(tp,, + Td))]

etHoP)y252 o =itHo(P) _ [cos(wt) — cos(w(tpu + 7a))] [sin(wt) — sin(w(tpy + 7a))]
et (P25 g e~ P) _ [gin(wt) — sin(w(tpu + 7a))] [cos(wt) — cos(w(tpu + Ta))]
et (P25 o e 1tHo(P) [cos? (wt) + cos? (w(tpy + Ta)) — 2 cos(wt) cos(w(tpy + 74))]

tho(p),U2U2e tho(p))(b( u); (457)
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After taking time average, cos(wt)sin(wt) type terms will cancel, cos?(wt) and
sin®(wt) become 1

0A ? 1 1 it H, —it H, 1 1 it H —it H,
_ <w> 5t (9.0) <[+} (It HO(P) 22 it Ho(®) 4 [2 +2] o202 o(P))

2 "2
PP, tpu),
(4.58)

A
(6 ) 77Deq(pa )( o (e )U G € vitHolp )+ Ho(p )U Uye 9 )) ¢(p7tpu) (459>

For graphene, term in numerator

t

< / ' UL, (p.0)6A'(E) - Vip. ) [ at 5AW)-V(p.) ¢<p,tm>>

pU +74 tpu +7d

SA\? 10 10
:(w> vt (p, )[(0 1>+<0 1>]¢(p,tpu), (4.60)

—2(2) 0,010 ) (461

Applying same procedure in the denominator of eq. (4.40) for graphene, given that
< | >

6A\® , .
- (_) ¢T (p,0) (etho(p)v?U26 itHo(p) 4 6tho(p)U2C,§€—tho(p)) Veq(p,0), (4.62)

w is very large

/ it (AW V(D)D)

pU +74

eq

—2 () ><3 f)weq<p,o>:2(%)2v? (1.63
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Hence the DTC for graphene and Weyl semimetal from eq. (4.40)

AT e_% Ep (%)2 wlq(p’ 0) ( itHo(p)y,2 0-26—“H0(P) 4+ eftHo(P)y2 52 —itHo(P)) (P, tpu) + c.c.
T Zp (6A)2 lq(p 0) (ethg(p),U o2e itHo(p) 4 ¢itHo(p)y2 C,ye —itHo(p )Ufeq(p, 0)
(4.64)

AT ) D2 (M) V2Pl (P, 0)p(P, tpu) + c.c.

oF : (4.65)
T Z 2 (M) U2¢eq(p, 0)teq(p, 0)
£ _ Td Z weq(p7 ) (patpu) + c.c. ‘ (466)
T Z ¢€Q(p7 )¢EQ(p70)
We know
¢eq(p,t) = ¢ (P Y(p,0) = 1/’eq(p’ 0) = ¥(p,0), (4.67)
¢(p7tpu> — eitP”HO(p) (w(thpu) o w ¢€Q(p7tp“)> d (468>
W= ZT/Jeq P, )Y (P tpu)- (4.69)
We defined
p(p. 1) = LRI Eaw®) | gy (100mur(p)), (470)
Qarwa(p)
V' (p,0) = —iH.;;(p)Y(p,0) (From evolution equation). (4.71)
So
U(p,t) = —i 2t Dawa D)) i, ) 1y, 0) cos(t Qara (). (472)
Qarwa (p)
If we take
N (p, t
Yoy (p, 1) = — ald (4.73)
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Ny (p, t
oo, t) = 2l (170
ALl
We know
[ nvmanas =1 (4.75)
So
Qy = / INy(p, )|*dp — . (4.76)
0
Similarly
oy = /0 INZ (p, t)|2dp — oo, (4.77)

W =3 6, (D by (D ) = / Pl () (Dity),  (478)

p

W= /d3p weq P, lpu (d’(pa tpu) — Yeq(P, pU))
+ [ @ (Bt )hap. 1), (179

W = /dsp ¢eq P lpu <¢(p, pu) ¢eq(pv pU)) i (4'80)

Ly
fd3p qu (p,1) <¢(pa tou) = Yeq(P pU)>
A /aff
We have observed earlier that o — co. However, the term [ dgprfT (p,t) (@Z)(p, tou)—

¢eq(p7tpu)> is finite. Hence

+1. (4.81)

S &p N (0. (0P ) = Va1

eq
\ Y

— 0. (4.82)
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So we can take value of W = 1. Hence

OP:tpu) = €7 P (YD, 1) = Vey(Pityn))- (4.83)
And
£ _ 6_% Zp 77Z)lq(p» 0)o(p, tpU) +c.c. (4.84)
T S o (P, 0)tbeg (P, 0) '
g _ 6_% Zp ¢lq(p70)€itpuHO(p) (¢(p7tpu> = ¢eq(p7tpu)> + C-C‘. (4.85)

T Zp wLI(pa 0)¢eq(p7 0)

Here th.,(p,t) = e @) 4(p,0) is stationary state, so we can replace opera-
tor Hy by ground state energy and ¢(p,0) by ground state eigenvalue of above

Hamiltonian

%q(l% t) E— e_iEt ¢(p, O) = weq(p, tpu) = e_iEtpu w(p’ O) (486)
(P, tpu) is defined as

Heff (p) Sin(tquARWA (p) )

¢(p7 tim) = —1 QARWA(p) ¢<p7 O) + w(p7 0) COo3 (tquARWA(p>) '
(4.87)
For graphene
Hp)=v| Y P (4.88)
M e rip, 0| '

Consider the polar form of momentum p, = pcosf and p, = psinf, then the

ground state eigenvector and eigenvalues of Hy becomes

1 —e~t
Y(p,0) = 7 < . ) and E = —v|p|. (4.89)
So
eiv|p\ tpu _6—10
Veg(Ps tpu) = 7 < X ) : (4.90)
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H.yy for graphene from eq. (2.53)

wR? —i0
Tw €
Hepy = ( - B2 ) : (4.91)

0
e“pu »

The value of the anomalous Rabi frequency Qarwa for graphene [152]

A
QARwA = 2\/1)2 (P2 +p2)+ (f) : (4.92)

Similarly, for Weyl semimetal

Ho(p) = v (4.93)

Pz Pz — Z.py
Pz + ipy —Pz

Consider the spherical form of momentum p, = pcosfsin ¢, p, = psinfsin ¢ and

p. = pcos ¢, then the ground state eigenvector and eigenvalues of Hy becomes
- e~ tan(%)
%
»(p,0) = 56102(2> and E = —v|p|. (4.94)

sec? (%)

2 .
pv cos(¢) — % e Ppusin(¢
Hepy = " \ ) R (@) (4.95)
e"’pu sin(¢) “== — pv cos(9)
The anomalous Rabi frequency for a Weyl semimetal (from chapter (2))
w/Q 2
Qarwa = 24/v% (P2 +p2) + (Upz — UR) , (4.96)
where w = “£ A is a parameter which is of the order of the conventional Rabi

frequency. Collecting everything together in eq. (4.85), we obtain the transmission

coefficient of graphene and Weyl semimetals.

4.5.2 Topological Insulator (TT)

In this section, we study anomalous Rabi oscillations in a two dimensional topo-

logical insulator in the bulk. In case this material is finite in one of the directions
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(ribbon), it possesses one dimensional boundaries (edges). The low energy Hamil-

tonian of this system in the bulk has form [2]

Hy = vp,04 4 vpyo, + (C — B(pl +p})) o=, (4.97)

2 is the band gap and v has dimensions of speed. Also m and

where C' = mv
B~! have dimensions of mass. It is well-known that if BC' > 0, the system
is topologically nontrivial and possesses gapless edge states and if BC < 0 it
becomes topologically trivial and there are no such edge states. Thus when B
and C have the same sign, the Chern number is not zero (nontrivial) and have
opposite signs when the Chern number is zero (trivial). When the Chern number
is not zero, there are surface states with zero energy. Here we wish to establish this
fact by examining the behaviour of the pump-probe spectra of the bulk without
referring to the edge states. We have found that by choosing a special value for the
conventional Rabi frequency wr (i.e. by tuning the intensity of the pump pulse)
Viz. Wwp = \/m , the anomalous Rabi frequency versus the wave vector is gapless
when the Chern number is nonzero and gapped when the Chern number is zero.
A conventional or anomalous exponent in the power-law decay of the amplitude of
the oscillatory dependence of the DTC on the pump-pulse duration (with all else

held fixed) is seen, as a result.

Trivial Non-Trivial

C

Non-Trivial Trivial

FIGURE 4.1: Phase diagram of topological states.
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Expanding eq. (4.97)

0 e — 0
e, o)
(pz +ipy) 0 First Part
C — B(p? 2 0
( (p2 + 7)) o (4.98)
0 N <C ~ B(pz +py)) Second Part
On applying potential
e 2 e 2
p? = <px — —Ax> + (py — —Ay> , (4.99)
c c
2 € jwt w12 € it ity ]2
p? = [px — 7 (Axge“" + Are™™ )] -+ [py ~ % (Ayoez“’ + Ajpe™™ )} . (4.100)
Let’s take A;p = A and Ay = Ae’2 =i A (circular polarized condition)
2 2
2 ed 4, —iw eA —iw
p:{px—Q—C(e +e t)} +{py—22—c(e e t)} 1 (4.101)
2
2 _ .2 2 cA eA - eA it .
p =p,+p,+4 <%> — 2%6 (ps — ipy) — 2%(3 (pz + ipy). (4.102)
First part of Hamiltonian after applying vector potential have form
0 (p:c - Z.py) —iwt 0 —1
Hry: =5 v + e "“w
: 0 0
+e™ty ) 4.103
L9 e
where wr = %. Similarly applying vector potential on second part
. [C’—B(pﬁ—irpz%—fj—%)] 0
Second Part = 0 _ [C—B(p§+p§+°;—§)]
WR ot . 1 0 WR it . 1 0
B-E - BE . . 4.104
+B= "™ (p Zpy)lo | B )| (4.104)
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So the total Hamiltonian has form

[C — B (p; +1;)] v(ps — ipy)
v(pe +ip,)  —[C—B(p}+1})]

+6—iwtwR 0 —1 B
0 0

+E<pw+1py)

. 0 o] B 1 0
Tty 1+ Zp, —i . (4105
| R EE N

On comparing above equation with the Hamiltonian

H =

H=Hy+e ™V, +e“ V.. (4.106)
We will get value of Hy, V. and V_. We have defined

1
Hpp = (HO +— [V, V+]) from eq. (2.53). (4.107)

W

The eigenvalue of H. s is known as anomalous Rabi frequency 24z 4 of TI

\/w}é (4B%p® + 1) +w? ((C — Bp?)® + p?) — 2w w% (Bp* + C)

Qarwa =
w
(4.108)
If we choose a specific value of wgp = Vwv (C?,
w? (C2 (4822 +1) = 2/C7 (Bp? + C) + (C — Bp?)’ +1?)
Qapwa =
w
(4.109)
Case-1

When B is positive and C' < 0 i.e. BC' < 0, topologically trivial state with zero

Chern number

Qarwa = V/(B2p? + 1) (4C2 + p2). (4.110)
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Case-2

When B is positive and C' > 0 i.e. BC' > 0, topologically nontrivial state and the

Chern number has non-zero possibility

Qarwa = pV/B2p? + (1 — 2BCO)2. (4.111)

C<O0
mmmm— >0

N,
§--
[ he Ny
O Co v v L Lo Lo
-15 -10 -05 00 0.5 1.0 15

FIGURE 4.2: Anomalous Rabi frequency vs p in TI with B > 0.

From fig.(4.2), we see that the minimum value of anomalous Rabi frequency is zero
when B > 0 and C > 0 i.e. for topologically nontrivial state of TI, indicating the
presence of gapless modes. While in case B > 0 and C' < 0 i.e. for the trivial state

of TI, the Rabi frequency versus wave vector is gapped. Differentiating eq. (4.97)

~

VpHy = 9 [vpe0s + vpyo, + (C — B(p: +p})) 0. i

Ops
8 “~
+a_py [vp20 +vpyoy, + (C = B(p? + 1)) 0.] J, (4.112)
VoHy = [vo, — 2Bp,0] i+ [vo, — 2Bp,0] 7, (4.113)

So

<5A(t/) ‘ V(PJ’)) = J0A [cos(wt')e“’HO(p) [vo, — 2Bp,0.] e HolP)

+sin(wt ) Ho® [yg, — 2Bp,0.] e_it/HO(p)] . (4.114)
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For TI, term in numerator of eq. (4.40)

t

</tt dt’ §1,(p, 0)(6A*(t) - V(p, 1)) /

pu +7'd tpu +7'd

dt' 0A(t") - V(p,t') ¢(p, tpu)>

A .
(5 ) weq(p7 ) [ ltHO(p)(U(Tx — ZBpr'Z)Qe_ZtHO(p)

+e®) (yg, — 2Bp,0,)2e 0P ¢(p, t,,), (4.115)
SA v? + 4B%*p? cos?(0) 0
( ) 2peq(p7 ) 2 25 2 2
0 v* + 4B%p” cos*(0)
v? + 4B%*p? sin®(0) 0
L), (4116
( 0 v? + 4B%p? sin®(0) glp.Gn), | )

5A\? 202 + 4B2p? 0
i (_) wlq(p’O) ( O 2,02 _'_4sz2 d)(p?tpu)? (4117)

= (2v® + 4B*p?) < ) Ul (P,0)d(P, tyu)- (4.118)
Similarly denominator for TI of eq. (4.40)
2 5 9y [0A ;
= (20°+4Bp°) | — | . (4.119)
w
For T1
AT g <7A) weq(p (e?*H0(P) (yoy — 2Bpg0;)2e”#Ho(P) 4 ¢itHo(P) (v, — 2Bpyo.)2e~#H0(P)) ¢(p, tpu) + c.c.
T N (5 ) ¥l 4(p,0) (€1tHo(P) (voy — 2Bpyo.)2e~itHo(P) + eitHo(P) (vay, — 2Bpyo)2e~itHo(P)) oy (p, 0)
(4.120)
AT w3, (20% +4B%p%) (%) 41, (p, 0)6(D, tpu) + c.c. (4.121)
— = e 2 2 3 .
T 2o (20% 4+ 4B2p2) (44) " 4)ly(p, 0)¢bey (P, 0)
AT _T l ,0 ,tow) + C.C
AT _ - 2pVualP 0)0R ) + . (4.122)

T Zp wl(J(pa O)weq(pa O)
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From eq.(4.81), W — 1. So

O(P, L) = e'trtoP) (w(p,tpu) — weq(p,tpu)>, (4.123)

AT . 2op Ul (D, 0)eltru o) (@D(p,tpu) - @beq(p,tpu)) + c.c.

_ 4.124
T Zp ¢lq(pu O)¢eq(p7 0) ( )

We consider a polar form of momentum p, = pcosf and p, = psinf. We know
Veg(P, 1) = e HoP) 4(p 0), this is stationary state, so we can replace operator Hy
by ground state energy E and ¢(p,0) by ground state eigenvalue of Hamiltonian

of eq. (4.97),
Bif (Bp%%%%@)
N (v2—2BC)p2 2
Bp24 22 C)PT /o2 2 (2BC — v?
77/1(1)70) ra pv\j ( ’ 2\/27221,2 ) +1 and E = u — \/67'2
1 2V C?

p2y (2280002 o /os)?

B =

(4.125)

These values has taken in lower order of p expansion, because our Hamiltonian

(eq. (4.97)) posses low energy limit.

Case-1

In this case we assume B is positive and C' < 0 i.e. BC < 0, which is the
topologically trivial situation where the Chern number is zero. This means

e (p2v2+4C(C—Bp2))

N \/p4v4+4Cp2(SC—QBp2)v2+16C2(C—Bp2)2 2 p2’u2
Y(p,0) = F and F=—(Bp”— -C).
(p2v2+40(C—Bp2))? 20
\/ 4C2p242 i
(4.126)
Case-2

When B is positive and C' > 0 i.e. BC' > 0, this corresponds to a topologically
nontrivial state where and the Chern number has non-zero possibility. This means

000

T T e o5 5 2,2
¥(p,0) = VAT and E = (Bp2 _Prr C’) . (4.127)
2C
c? +4
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Now we calculate 1, (p, tpu) = € Frv 1)(p,0) and ¢ (p, t,,) for both above cases,

Hepp(p) sin(tpuQarwa (p))
Qarwa (p)

¢(Pa O) + %U(Pa O) COS(tquARWA (p))

(4.128)

¢(p7 tpu) = —i

Inserting everything into eq. (4.124), we obtain a formula for the differential trans-

mission coefficient for TT.

4.6 Results and Discussion

The short-distance cutoff independent ratio y from eq.(4.41) alluded to earlier has

the following (asymptotic ¢,, — oo) forms for graphene, TI and Weyl semimetal.

Graphene:

o (t,;mu%)
S1n 0
X(tp) = —F—a? (4.129)
tpuwR
\/ 2w

The amplitude of the oscillations has a power law decay with characteristic expo-

1

nent equal to —3

Topological Insulator: Here there are two situations:

(a) Topologically trivial (B > 0 and C' < 0 and Chern number is zero):

cos(Ctyy)

4.130
Chtd ( )

X(tpu) =
The amplitude of the oscillations has a power law decay with characteristic expo-
nent equal to —1.
(b) Topologically nontrivial (B > 0 and C' > 0 and Chern number has non-zero
possibility):

_ sin(Ctpy)

Xt = 5 (4.131)

The amplitude of the oscillations has a power law decay with characteristic expo-

nent equal to —2. Both these cases are shown in fig.(4.3).
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FIGURE 4.3: A plot of the ratio x versus pump duration t,, in case of TI. It shows
how a non-zero Chern number causes a qualitative change in differential transmission
coefficient. Time is in units of C~1.

Weyl semimetal:

w

Y
e\ 72
w

The amplitude of the oscillations has a power law decay with characteristic expo-

sin (sz )

X(tpu) = (4.132)

nent equal to —2. The nature of x(t,,) for graphene and Weyl semimetal can be
seen in fig.(4.4).

We have proposed, theoretical modeling of the pump-probe experiment to detect
anomalous Rabi oscillation. This simply involves looking for periodic oscillations
in the differential transmission coefficient versus pump pulse duration (alterna-
tively, the area of the pump pulse). When everything else remains fixed (including
pump-probe delay) these plots (fig.(4.3) and fig.(4.4)) exhibit oscillations with a
frequency corresponding to the anomalous Rabi frequency. Furthermore, the am-
plitude of these oscillations decay as a power law in the pump duration with a
characteristic exponent that is indicative of the particular system under consider-

ation.
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Weyl
0'4} I ======= Graphene
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FIGURE 4.4: A plot of the ratio x versus pump duration t,, in Weyl and graphene.
Time is in units of 5.
R

4.7 Conclusions

Floquet theory has been invoked to show that Dirac-Weyl systems (graphene, Weyl
semi metals and TIs) exhibit a peculiar form of Rabi oscillation that occurs far from
conventional resonance. The associated Rabi frequency and its dispersion relation
is sensitive to the low-energy physics of these systems. While the presence of these
oscillations is a unifying feature of this family of materials, it is also possible to
tell them apart by performing a pump probe experiment and extracting a certain
ratio derivable from the differential transmission coefficient. This ratio exhibits
sinusoidal oscillations in the pump pulse duration (when all else is held fixed)
with a frequency equal to the anomalous Rabi frequency. The amplitudes of these
oscillations decay as a power law for large pump durations with an exponent that
is characteristic of the specific member of this family of materials. In case of bulk
topological insulators, this exponent has a certain value when the Chern number

is zero and a different value when the Chern number is non-zero.
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Chapter 5

Quantum Rabi Oscillations in Weyl

Semimetal

5.1 Introduction

In earlier chapters, the electromagnetic field was treated classically. However, in-
teresting new phenomena are seen in quantum optics when the electromagnetic
field is treated quantum mechanically. Traditional examples of such phenomena
include the photoelectric effect, Raman effect, stimulated emission and absorp-
tion, spontaneous emission, etc. These phenomena can be only explained by the
quantum nature of the radiation field. When we treat radiation field quantum me-
chanically, some new phenomena are found in Rabi oscillations, such as quantum
‘collapse’ and ‘revival’ described in various text books [56, 57, 229]. In semiclas-
sical theory, the atom in an excited state cannot make a transition to a lower
level without an external field. However, in the quantum case, this transition is
possible even in a vacuum because of spontaneous emission (zero point quantum
fluctuations of radiation). A solvable model of quantum radiation interacting with
a two-level system has been given by Jaynes and Cummings [230, 231|. Rabi oscil-
lations have been well described in semiconductors [49], where energy bands rather
than discrete energy levels are involved. The literature of Rabi oscillations and
anomalous Rabi oscillations (AROs) in Dirac-Weyl fermionic systems have been
well described earlier (chapter 2). In this chapter, it is shown that anomalous
Rabi oscillations exist even if the EM field is treated quantum mechanically. This

means the AROs are not due to approximations or assumptions we have made.
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5.2 Problem Formulation

In earlier chapters, we studied Rabi oscillations using optical Bloch equations in
the presence of not only a continuous optical field but also with a pump pulse.
In this chapter, we describe the phenomenon of Rabi oscillations in the presence
of a purely quantum field. By using probability amplitude equation, we have
studied anomalous Rabi oscillations in the presence of a quantum field. Finally,
we describe how the classical result of chapter 2 emerge as a limiting case of the

quantum results of the present chapter.

5.3 Quantum Rabi Oscillations

For atoms in a cavity, a number of quantum-electrodynamic effects are seen. Vac-
uum Rabi oscillation is one such phenomenon, induced by vacuum fluctuations of
the radiation field. This vacuum-field Rabi oscillations lead to the splitting in the
spontaneous-emission spectra of atoms in cavity [232]. On considering the inter-
action between states |e) and |g) in a two-level system via a plane monochromatic
field of frequency w, having frequency difference between them is w. The probabil-
ity P._,4 or P, for making a transition between excited state and ground state

and vice versa is given by
Qt 2
RO — e 5 and 2 = E|p -E|. (5.1)

Here p is dipole moment and E is electric field applied to the system. There are
oscillations of the atomic population between the ground and the excited states,
with frequency €2. We have found transition probabilities in eq.(5.1) by regarding
the external field as being classical. If the external field is extremely weak i.e.,
there are only a few photons (eg. in a cavity devoid of matter) we would have to
treat the electric field E quantum mechanically. G. S. Agarwal has studied this
phenomenon [233] where he obtains the result

4°(n+1) . , Quat
P.sgni1(t) = J é)Q ) sin? QA )
nA

(5.2)

Here g is coupling coefficient, states |e) and |g) are separated by the frequency wy,

A = wp — w and the value of oscillation frequency €2, is

Q2 =A% +4g*(n+1). (5.3)
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Eq.(5.2) becomes similar to eq.(5.1) if A = 0. This also holds if the field is initially
in the vacuum state. For a field initially in the vacuum, the atomic population
oscillates between excited and ground states, called vacuum-field Rabi oscillations
or self-induced Rabi oscillations. The exchange of energy between the radiation

field and the atom is manifested as these oscillations.

The Jaynes-Cummings model (JCM) [231, 234, 235] is a central model of quan-
tum optics. The interaction between an isolated two-level atom and a single mode
quantized electromagnetic field in a lossless cavity is captured in this model. We
study this model extensively because it captures the essence of the actual dipole
coupling of an atom to an electromagnetic field. This is exactly soluble in the
rotating wave approximation. By using this, we can study many non-classical
effects of the atom-field interactions, such as collapse-revival phenomena (CRP)
[229, 236-238|, vacuum Rabi oscillation [233, 239]|, sub-Poissonian statistics [240]
and squeezing of the radiation field [241]. We study Rabi oscillations by using
this JCM. We study both cases as in the earlier chapters, i.e. conventional and
anomalous Rabi oscillations in quantized form by using this model. Weyl material
is a relativistic fermionic system. Our aim is to study nonlinear optics of this
system at the Weyl node as all interesting physics at low energy occurs near the
Weyl node, particularly the phenomenon of anomalous Rabi oscillation (ARO).
The JCM has been used for quantum Rabi oscillation in single layer graphene by
our group [155]. Here we study same Rabi oscillation phenomenon, trying to find

out the difference between Weyl semimetal and graphene.

5.4 Jaynes Cummings Model (JCM)

JCM is used for a theoretical description of the two-level system (atom) interacting
with a quantal mode of an optical cavity in presence or absence of radiation. Many
phenomena of atomic physics, quantum optics, and solid-state quantum informa-
tion circuits are well described by this model. In 1963, Edwin Jaynes and Fred
Cummings proposed a model for studying the interrelation between the quantum
theory of radiation and the semi-classical theory, for describing the phenomenon
of spontaneous emission [231]. In the semi-classical theory of field-atom interac-
tion, the atom is quantized and the field is not an operator but a time-dependent
c-number. This theory has been used for describing many phenomena that are
seen in modern optics, for example, the existence of Rabi oscillations in atomic

excitation probabilities for light fields with a narrow bandwidth. However, JCM
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explains, how the quantized radiation field affects the predictions for the evolution
of the state of a two-level system in comparison with the semi-classical theory
of light-atom interaction. Later, it was discovered that collapse and revival phe-
nomenon [235, 236] is a direct consequence of discreteness of field states (photons).
It is a pure quantum effect, which can be explained only by the JCM but not with

the semi-classical theory.

Starting from the Rabi Hamiltonian
H = Hy—d- E(t). (5.4)

Where Hy is Hamiltonian of two level system, d is dipole moment operator and
E(t) is the electric field. We simply replace E(t) — E(t). The Hamiltonian in

second quantized form is,

A

H = Hy — &(a + al) sin(k2)d. (5.5)
The Hamiltonian that describes the full system can be written as

H = I:Ifree field T Hatom + ﬁint- (5.6)

Free Field Hamiltonian

Q>
Q>

& 1 v
Hiree field = hw ( fa + 5) ~ hwa'a. (5.7)

The Atomic Hamiltonian

If we consider state of two level system

We may write this Hamiltonian as a sum over all accessible energies

A~

Haom = E|+)(+| + E_|=)(—|, (5.9)
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10 0 0 E 0
=B | [t o]+E | |0 1] =B B e |
0 0 01 0 FE_
(5.10)
The above Hamiltonian may be recast in form
- 1 |Ey +E_ 0 1|F, —FE_ 0
Hatom =3 - ~ * (511)
2 0 EL+E_ 2 0 E_ —-FE,
So atomic excitation Hamiltonian will be
- 1 -1 .
Hiom = > (BEy+E)I+ §(AE)O'Z. (5.12)
Writing Hamiltonian in terms of a Pauli matrix
AE=FE, — E_ = huwy, (5.13)
A 1 ~
Hatom ~ 577,&)00'2. (514)
The Interaction Hamiltonian
We know
0 1
Op = . 5.15
o (515
Raising and lowering operators
. (1 A 0 0 (5.16)
04 = , O e ) .
T oo 10
So
O, = (64 +0_). (5.17)
The electric field in second quantized form can be written as
E,(2,t) = E(a + al) sin(kz). (5.18)
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So interaction Hamiltonian will be
Hins = —Eo(a + a') sin(kz)d. (5.19)

Due to parity (e|d|e) = (g|d|g) = 0 (dipole moment is zero when electron or hole
is on the same state), and defining d = (e|d|g) and we get d* = (g|d|e), we find
that d possess only off-diagonal elements. Without loss off generality we assume

a real d and get d = do,. Defining g = —& sin(kz)d, we arrive at

Hip = gog(a+a'), (5.20)

Hip = g6, +6_)a+a') =gl6,a+6_a+6.at +6_ah). (5.21)
In the interaction picture operators are time dependent
at(t) = a'e™, a(t) = ae ™, 6,(t) =6, 6 (1) =6_e ™ (522
So H;,; in the interaction picture becomes
Hpy = g (646" 07 + G_ae "ot g glellot@lt 4 g gle—ilwo—w)t) - (5.23)

At zero detuning A = w — wy = 0. Neglecting the two terms o_a and o,a' in

above equation, also known as the RWA. Finally, H;,; has form
Hi =g (64a+6_a"). (5.24)
So the full Jaynes-Cummings Hamiltonian from eq.(5.6) is

1
Hjc = hwa'a + 5/wod= + g (61a+06_al"). (5.25)

5.5 Jaynes Cummings Type Model Hamiltonian for Weyl

Semimetal

When the constituent particles are massless, the relativistic fermions are described
by a two-component spinor explained by Hermann Weyl in 1929 [183] instead

of four-component Dirac spinor. This means the Weyl equation Hy = Ev is
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governed by the Weyl Hamiltonian

H = UF(pxe _'_pyay +ngz); E = i'UF\/pg% +p§ _'_pg? (526>

where vp is hopping velocity between nearest neighbors and p,, p,, p. are mo-
mentums in respective x, y, z directions. Using the tight binding approximation,
the low-energy Hamiltonian of Weyl metals in momentum space with hopping and

interaction with electromagnetic radiation A(t) is given as

e
He=, ZUFJAB (p — EA<t)> c;AcpyB, (5.27)

)

where the A and B indices stand for either spin up or spin down and c'(c) is the
creation (annihilation) operator. We have taken vector potential A(t) in form
A(t) = Re(Age ™) ie. A(t) = 3A0e ™! + 2A%e™". As there are no anomalous
Rabi oscillations in case of linear polarization [155], we study the case of circular
polarization i.e. no vector potential in z direction A, = 0 and z and y direction

potential has nature like A,y + 74,9 = 0.

We suppress the momentum label in order to bring out the role played by other
degrees of freedom, consider vpp = €. The Hamiltonian for a Weyl semimetal-like

system we suggest is (derived in in appendix (5.10.1))

H:ci‘o-AB-ecB—l—cTBO'BA-ecA+c:r4crAA-ecA—I—cEUBB-ecB

X chea b et + X clep b e, (5.28)
Here osp-€ = €,—i€y, Opa-€ = €,+1i€,, Osa-€ = €., Opp-€ = —¢€, Alis the coupling
constant and [b,b'] = 1 are the photon operators. This model may be mapped

to the well-known Jaynes-Cummings model through the following identifications,

oy = 0y +i0y = chA; o_ =0, —i0, = cch and o, = (CLCA — CTBCB) together

with a unitary transformation on the photons which means we replace b with be*

(derived in in appendix (5.10.2)).

5.6 Quantum Rabi Oscillations

In this section, we study the phenomenon of Rabi oscillations of a Weyl semimetal,
near conventional resonance i.e. when the external frequency matches the particle-

hole frequency (conventional Rabi oscillation) and also when it is much larger than
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the particle-hole frequency (anomalous Rabi oscillations). Both these oscillations
are seen in the ultra quantum limit of the radiation field. Indeed there are even
zero-point anomalous Rabi oscillations in a vacuum. This shows that anomalous

Rabi oscillation is a robust phenomenon, not an artifact of any approximations.

To find differences which emerge due to treatment of radiation field classically
or quantum mechanically, it is best to keep the matter sector as simple as possible.
For this reason, we imagine all processes in the case of Weyl semimetal involve
just one electron either on up spin or down spin site of electron, so we choose
each state has either (i) no electron or hole or (ii) one electron and one hole. So
only nonzero amplitudes are (0, 1, n|¢(t)) and (1,0, n|é(t)). By applying evolution
equation z’ha%|¢(t)> — H|¢(t)), amplitude general can be written down (setting
h =1, derived in appendix(5.10.3))

10,0, 1, n|p(t)) = opa-€(1,0,n|p(t)) + opp - €(0,1,n|o(t))
+Ae!/n + 1(1,0,n + 1|p(2)), (5.29a)

10,(1,0,n + 1|p(t)) = gap - €(0,1,n+ 1|p(t)) + a4 - €(1,0,n + 1|p(1))

+X e ™i/n+1(0,1,n|o(t)).
(5.29b)

5.6.1 Conventional Oscillations: RWA

Using the technique mentioned in many text books such as Haug [49], we solve
the above rate equation eq.(5.29a) and eq.(5.29b). The condition for this regime
is A = w — 2¢, where € = \/m In the semiclassical limit, we set n 4+ 1 ~n
and writing eq.(5.29a) and eq.(5.29b) in matrix form

0 [<17o,n |¢<t>>] _ [a Tap € ] [<0,1,n \¢<t>>]
(1

at <07 1>n ‘¢(t)> O4AB - € Opp - € ,O,TL ‘¢<t)>
0 A et 0,1 t
Atemt n 0 (1,0,n [¢(t))
Setting a4 -€ =€, Opp-€ = —€,, OAp - € = €; — i€, and Opa - € = €, + i€y,

to obtain generalized Rabi frequency, we diagonalize above equation via using

TH-1787_10612109



Chapter 5. Quantum Rabi Oscillations in Weyl Semimetal
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following matrix

o1niom)] [ ] foraem]
(1,0,n |o(t)) 1 1] [(L,0,7 [6(t))
The matrix equation obtained after diagonalization, upon substitution
(1.0,7 () = e 11(1,0,7 |o(t)), (5.32)
(0,1, [6(t)) = 140, 1, [g(2)). (5.33)
Using RWA approximation we obtain the following equation
0 < Vv [e (e, +ie,) \* .

0 ~ NLD [Ae‘im (e. — |e]) 2} -
—(1,0,n |o(t)) = — 0,1,7 |p(t 5.35
i (10,7 [o(t) ST OLAlm), (539
Here A = w — 2|¢|. After solving these coupled equations we will get value of
amplitude Rabi frequency (¢ ~ er=)

1 A\
Qpa = 5\/A2 + |\[2n (1 - %) : (5.36)

Since current density J has form wiw,, which is a parameter which can be

measured in laboratory. So the Rabi frequency associated with the current density

2

If we consider €,,¢, =0 and €, =€

will be

(5.38)

Qrwa = ‘w — 2|e|
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FIGURE 5.1: The plot shows (eq.(5.38)) the Rabi frequency versus energy €, on con-
sidering €, = 0 and ¢, = 0, parameters are plotted in unit of w and A = 1.

FIGURE 5.2: The plot shows the Rabi frequency versus wave number (eq. (5.37)) on
considering /€2 + €2 + €2 = |¢| , parameters are plotted in unit of w and A = 1.

The above equation eq.(5.38) showing nature of massless quanta of Rabi frequency

(shown in fig.(5.1) and fig.(5.2)). Rabi frequency at zero detuning i.e. A =0 is

Wi = \/|)\|2n (1 - %)2 (5.39)
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On taking semi-classical limit, when n = n® >> 1, we obtain the formula viz.

2
Qrwa = \/AQ + wp <1 - |%Z|> : (5.40)

Here wy, = v/n9|\| and similar to classical field case eq.(2.25).

5.6.2 Anomalous Oscillations: ARWA

In the off-resonance case we consider w >> ¢, y/n|A|2. This is the asymptotic

rotating wave approximation (ARWA) regime. In this situation we set
<>S=<> <>, e Mg <> e (5.41)

Inserting this into the full amplitude equations eq.(5.29a) and eq.(5.29b) and mak-

ing use of the observation [id;gs +| << |wgs+| we obtain

<0= 1, n|¢<t)>+ = (542>

_Avn+1 (1,0,n 4+ 1|o(t))s

(0.1, nlo(0))- = ) (5.43)
(1.0.n 4 1jo(t), = 2 V2FL O Lo, (5.44)
(1,0,n+ 1|o(t))- = 0. (5.45)
Inserting these into the equations for the slow part of the amplitude we get
2

(z’@t _ %) (0,1,0|6(t))s = Ta - € (1,0,n]())s

+opp € (0,1,n|o(t))s, (5.46)
, A2 n

(10 L) oot = oan - 0. 1,nj000).

+oa4-€(1,0,n|o(t))s. (5.47)
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To find the Rabi frequency we set i0; = €2 and obtain the secular equation for €2

(Q— AP —ez) (m M+) (1,0,n16(1)).

w w

= (24 €) (1,0,n|o(t))s. (5.48)

Therefore the Rabi frequency is

SR £ 2/ [IAB( 1) - e 0] W+ )

2w

QARWA = (549)

So for the current density J ~ wiz/f_ value of Rabi frequency in the ARWA regime

0.6:
05,
04
<§E [
x 0.3}
< [
G i
0.2¢

01

O_O:ﬂ“‘\\‘\\\\\\‘\“\‘\““\\‘\\\E
0.2 0.3 0.4 0.5 0.6 0.7 0.8

€;

FIGURE 5.3: The plot shows the anomalous Rabi frequency versus energy e, upon
considering €, =0, ¢, = 0 and n = 0 (eq. (5.50)), it depicts the existence of anomalous
Rabi oscillation at zero photon limit, the parameters are plotted in the units of w and
A=1.

will be

A2(n+ 1) — e w]® + w?(e2 + &)
Qarwa = 2 \/[ = | ~. (5.50)

w

The above equation eq.(5.50) showing nature of massless quanta of anomalous
Rabi frequency (shown in fig.(5.3) and fig.(5.4)). Upon taking the semi-classical

limit, when n = n® >> 1, we obtain the formula viz.

V@B — ew) + w2 + )

w

Qarwa (n’) = 2 (5.51)

TH-1787_10612109



140 Chapter 5. Quantum Rabi Oscillations in Weyl Semimetal

Here wy, = v/n%|\| and becomes similar to classical field case eq.(2.22). Even in the
single (or even zero) photon limit this effect survives. When n = 0, the smallest
anomalous Rabi frequency will be found and zero-point fluctuations of the photon

field leads to anomalous Rabi oscillations in a vacuum.

€

FIGURE 5.4: The plot shows the anomalous Rabi frequency versus energy on con-
sidering /€2 + €2 = ¢ (eq. (5.50)), the parameters are plotted in the units of w and
A=1.

5.7 Numerical Solution

In this section, we have shown numerically that the phenomenon of anomalous
Rabi oscillation is robust in the sense that is present regardless of whether the
EM field is treated classically or quantum mechanically. By examining the plots
for slowly oscillating amplitudes and found that their frequency matches the one
shown in eq.(5.50). The table 5.1 shows that the approximation scheme we are
using viz. ARWA is indeed reliable. For plotting we have taken n + 1 ~ n and
A =1. By using the NDSolve routine of Mathematica [184], we solved the Bloch
equations (eq.(5.29a) and eq.(5.29b)) fully numerically and found the time period
of slow oscillations of these observable have good agreement with the analytical
result calculation (table (5.1)). The analytical calculation for the time period is
the reciprocal of eq.(5.50). We have defined (1,0, n|¢(t)) = fio(t).
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TABLE 5.1: Time periods are in units of A™! and ¢ = (0.001)\, where /€2 + € = €.

0550
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0.51+

050!

t
FIGURE 5.5: Slow oscillations in plot correspond to an anomalous Rabi frequency with

o Time Period Time Period
(fully analytical) | (fully numerical)
0.350 20.94 21.15
0.400 31.42 32.05
0.450 62.82 63.46
0.550 62.82 63.46
0.600 31.42 32.05
0.650 20.94 21.15
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theoretical periods of 20.94 (time is in unit of A71).
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FI1GURE 5.6: Slow oscillations in plot correspond to an anomalous Rabi frequency with
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theoretical periods of 20.94 (time is in unit of A71).
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0.55+
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w [\ VNN
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F1GURE 5.7: Slow oscillations in first and second plots correspond to an anomalous
Rabi frequency with theoretical periods of 31.42 and 62.82 respectively. Third plot
depicts fast oscillations in the above plot that makes the latter appear to have a thick
blue line. The fast oscillations have a frequency equal to the frequency of external
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5.8 Result and Discussion

In case of graphene, the anomalous Rabi frequency has been found by our group
to be [155]

o 2\/[])\|2(n HP) (@ + ) oo

w

The act of setting ¢, = 0 is meant to reduce the dimensionality of the recipro-
cal space of the Weyl metal to two dimensions which enables an easy compari-
son with graphene. Having done this we see that eq.(5.50) becomes identical to
eq.(5.52). There is a peculiar difference between anomalous Rabi frequency of
Weyl semimetal and graphene that, the quanta of anomalous Rabi excitations in
graphene always manifest themselves in a form that resembles massive Dirac par-

ticles (with mass ~ , in Weyl metals, there is a form that resembles massless

)
Dirac particles in certain regions of the momentum space. This resglt follows from
an observation of eq.(5.50). At the point €, =0, ¢, = 0 and €, ~ %RQ in reciprocal
space, the anomalous Rabi frequency becomes a linear function of €., indicating
the presence of massless quanta. In case €., €, # 0 these quanta acquire a “mass”
equal to e. This is a contrast to graphene where the quanta of anomalous Rabi
oscillations are always “massive”. Now we turn to a comparison of conventional
Rabi frequencies. Setting €, = 0 in eq.(5.39), the value of conventional Rabi fre-
quency becomes identical to graphene which was found by our group [155] also

given below

QRWA =\ A2 + Tl‘)\|2 (553)

The eq.(5.38) at the point w = 2|e,| becomes zero which shows that the dispersion
relation of the quanta of conventional Rabi oscillations is linear instead of being

parabolic, indicating the presence of massless quanta.

5.9 Conclusions

In this chapter, we have investigated the phenomena of anomalous Rabi oscillations
in presence of a quantized electromagnetic field in Weyl metals. In Weyl metals,
the anomalous Rabi frequency too is peculiar and shows a considerable departure
from the form of this quantity seen in graphene. While the quanta of Rabi exci-

tations in graphene always manifest themselves in a form that resembles massive
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Dirac particles, in Weyl semimetals, in certain regions of the reciprocal space, we
see a form that resembles massless Dirac particles. Thus both the original quasi-
particles and the quanta of the collective modes that exist in them in response to
time varying fields are relativistic in nature. New phenomena such as zero-point
or vacuum anomalous Rabi oscillations are seen. We have found anomalous Rabi
oscillation both by treating radiation field quantum mechanically as well as classi-
cally. Therefore, it is no hyperbole to say that the anomalous Rabi oscillation is a

phenomenon that is unambiguously suited to study relativistic fermionic systems.

5.10 Appendix

5.10.1 Derivation of Jaynes Cummings Type Model Hamiltonian for

Weyl Semimetal

We are interested in that result which is analogous to what we obtained in graphene,
so we impose the conditions A,y = A%y = A, Ay = A", A%y = Ae™™ and
A, = 0,A%, = 0 - the z-component of the vector potential is chosen to be zero
thereby eventually enabling a comparison with two dimensional graphene (when

the z-component of the momentum is also set to zero) i.e. A, = A and A, =iA
A, =1A;, 1A, =-A, =+ A, +iA4,=0. (5.54)
Consider the Weyl metal described by the Hamiltonian,

Pz Dz — 2.py

) (5.55)
Pz T 1Py —D:z

H = vp (04.ps + 0y.py +0..p:) = Up

Coupling to a vector potential A(t) = Re(Ay e™™"), the above Hamiltonian be-

comes
H= vp 22 (p:v - ipy) 1 ety _2% 20 _2%(14;30 — iAyO)
(px +1py)  —p- — £ (Az0 +1Ay0) £ A
ety — =A% —5(Asg — 1A3)
— 5. (A% +1450) 5c4%0
(5.56)
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The state vector of above equation is,

b = [CA] . (5.57)

CB

Then Hamiltonian eq.(5.56) in second quantized form

2 Pz — Zp ] —CA_
H = (W |:er4 CTB] . ( y)
(px + Zpy) —Pz ] _CB_
rert [, ] [ o —ido)] [e
A B e - e
—5(Azo +iAy0) 2c420 | [¢B]
—Q%Azo _2%(14::0 - iAZ,o)

+e“lyp [CL cg]
CB

5y (5.58)
—£ (A3 +i43) £ A% ’ '

H= |:'UszCT40A + v (pz - ipy)cLCB =F UF(pz + ipy)c;rBCA = UFPZCECB}
et [—iUFAZ()CTACA — 5 UF(Ago — Z'Ayo)chB — 5 UF (Ao + Z'AyO)CTBCA + i”FAzOCECB}
et [_quAgoc;cA — Sup(A%y — iA%)ches — Svp (Al +iAkg)chea + ivFAjocch] :

(5.59)

On applying vector potential conditions A, = 0 and A, + 74,0 = 0 the above

equation becomes,

H= [oppa(cyca — chen) + vr(ps — iny)chen +vr(ps + ip,)cheal
h, <—2£UF(2A$O)CLCB> + et <—2£vp(2A;0)cTBcA> . (5.60)
I C

The Hamiltonian for a Weyl semimetal-like system, we suggest is

H = CLaAchB—i—c;chA-ecA—i-claAA-ecA—FcEa'BB-ecB

X chea b et 4 N clep b e, (5.61)

We have defined vppg = €3 where 8 = 2,y,2 , Oap-€ = €, — i€, Opa-€ = €, + i€y,
Osn-€ =€, Opp-€= —¢,, —5-vp(24%)) = Ab, A is the coupling constant and
[b,b1] = 1 are the photon operators. Here c4,cp are the A and B sublattice

electrons, o is the pseudo-spin matrices.
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5.10.2 Unitary Transformation

Our actual filed interaction Hamiltonian in eq.(5.61) has the form
H, = )\*chBbIem + )\cjgcAble_M. (5.62)

From eq. (5.25), it can be seen, James Cumming model interaction Hamiltonian

has form
Hy = N clyepbl + Aheaby + wbhbs. (5.63)

H, and H, can be related by a unitary transformation as shown below

d :
’Labl = [bl, Hl] = )\*C;CBﬁlwt, (564)
d :
Zabg = [bg, HQ] = A CACB aF ng. (565)

If we consider by = bie ™! then

d . .
z'%(ble’“”t) = A clycp + whie ™, (5.66)
. —qwt d —iwt * t —iwt d * iwt
e Ebl + wbye = \cyep + whre = z%bl = \"clycge’”. (5.67)

So we can relate both eq.(5.62) and eq.(5.63) via unitary transformation.

5.10.3 Bloch Equation

The time evolution equation is

m%@ = H |na,np,m)(na,np, n|). (5.68)

Where ny, ng are number of electron or hole and n, is number of photon. On

applying both side by (n,,ng,n,/|

0
zh5<nA/,nB/,ny/|q§>:E (ny ng,ng|Hna,ng,n,)(na,ng,n,|¢). (5.69)
t
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On taking Hamiltonian of Weyl Semimetal from eq.(5.28)

H = cla'AB-ecB—l—cho-BA-ecA—l—cTAUAA-ecA—ircLO'BB-ecB

A chea b et 4 2 cleg bt et (5.70)

Hing,ng,n,) = [ Oap - € cheplna,ng,n,) + opa-€ chealna, np,n,)
4+ o4 € ci‘cA|nA,nB,n,,> + opp-€ c}LBCB[nA,nB,n,)

X chealna, ng,ny) b et + X clieglna, np,n,) bf e_’“t} . (5.71)

We know property of rasing and lowering operator a'|n) = v/n +1 |n) and a|n) =

v |n—1)

Hlna,np,n) = Y [O'AB cevna+lyng [na+1l,ng—1n)+0opa-€/np+1yna|na—1ng+1,n)

naA,MB,Ny
+ oA -€nalna,np,m) + opp-€nplna,np,m) + X /np+1na Vy Ina—1,ng +1,n, —1) !

+X* /na+1yng Vnu+1|na+1,ng —1,n, +1) e_"“’t]
(5.72)

On applying both sides by <nA/ NN W |

<nA/,nB/,nV/\H|nA,nB,n,,>: Z [a’AB~e Vna+1+/ng A/,nB/,n rna+1,ng —1,n,)

nang,ny
+0pa-€/npg+1y/na (n Nysnp,nna —1,ng +1,n)
+oaa-enaln,,ng,nna,np,nu)+ opp-€np(n,,ng,n na,np,n)
+A Vg +1 na no (n nyrnpgnna —1,ng +1,n, — 1) eiwt
X na+1yng Voo + 1 (n na,ngnna+1,n —1,n, +1) e_i“’t].
(5.73)

Using the Dirac delta property, eq.(5.69) becomes

0 T o &
Zh5<”A’vnB’7”y’|¢>:‘7AB'€ ng\/ng+1 (ny —1ng +1,n,[0)
t
+opa-€/ny+1/ng (ny+1,ng —1,n,|6)

+oan € ny (ny g, ny|0) +ops€ng (ny ng.n,le)

+A\/ng Ay + 1/, +1 (ny 4+ 1,ng —1,n, +1|0)
VA ng +1/n, (ny —1ing +1,n, —1|¢) e ™. (5.74)
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On puttingn, =0, ny =1l andn, =n

B
i (0, 1,n]) = opa-€ (1,0,n[¢) +opp-e(0,1,n]0)
t
A Vi Le® (1,0,n+1]¢) | (5.75)

On puttingn,y =1, ny =0andn, =n+1
0
ih=-(1,0,n + 1]6) = [O'AB-E (0,1,n+1|¢) + oas-€(1,0,n+1|¢)
t

+ X e ™™ \/n+1(0,1,n|p)|. (5.76)
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Chapter 6

Summary and Conclusions

In this thesis, we have studied various coherent nonlinear phenomena that arise
due to interaction of Dirac-Weyl fermionic system with an electromagnetic field.
The motivation behind this thesis work is to study one of the well-known co-
herent optical effect viz. Rabi oscillations in Dirac-Weyl fermionic system with
the matter-field interaction treated both semiclassically as well as quantum me-
chanically. The phenomenon of Rabi oscillations exists when the frequency of the
incident optical field is nearly equal to the transition frequency of the two-level
systems, called the resonance condition. Such phenomenon are also seen in two-
band systems such as semiconductors (with levels being replaced by bands) though
this was observed a long time after its theoretical prediction in the 1980’s. Far
from resonance, when the frequency of external radiation is large compared to the
frequency corresponding to the energy of a particle-hole pair, the Rabi oscillations
vanish in two-level systems and also in conventional semiconductors. In case of
Dirac-Weyl fermionic system, however, a new type of Rabi oscillation occurs far-
from resonance, called anomalous Rabi oscillation, predicated by our group (and
also by others where these ideas go under the name of “Floquet theory"). The
study anomalous Rabi oscillation is the central theme of this thesis. Finally, we

would like to present a brief summary of each of the chapters.

Chapter 1: Introduction

In this chapter, an introduction to the basic theory of Dirac-Weyl fermionic system
is presented. These systems work as a bridge between condensed matter and

relativistic electrodynamics physics. A survey of the relevant literature of the
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150 Chapter 6. Summary and Conclusions

importance of Dirac-Weyl fermionic system is presented. It is also explained how

these systems may be utilized in applications.

Chapter 2: Rabi Oscillations in Dirac-Weyl Fermionic Systems

In this chapter, we have described one of the important optical properties in rela-
tivistic fermionic systems- Rabi oscillations. Rabi oscillations are analyzed using
the well-known rotating wave approximation (RWA) and this is applicable only
near the conventional resonance condition when the frequency of incident optical
field is comparable to the frequency corresponding to particle-hole energy. Far
from conventional resonance, only relativistic fermionic systems exhibit a new
type of Rabi oscillation, which is absent in conventional semiconductors and two-
level systems, known as anomalous Rabi oscillation (ARO). In order to study this,
we employ an approximation known as asymptotic rotating wave approximation
(ARWA). In this chapter, a new kind of slow oscillation in population and polar-
ization densities that is present only in relativistic fermionic systems is seen far
from conventional resonance. We have studied this phenomenon as well as its con-
ventional counterpart close to resonance (ordinary Rabi oscillations) and verified

the claims numerically.

Chapter 3: Band-Anisotropy Induced Bloch-Siegert Shift in Graphene

The Bloch-Siegert shift is a phenomenon in quantum optics, typically seen in
two-level systems, when the driving field is sufficiently strong (e.g. atoms driven
by a strong laser drive or nuclear spins in NMR, driven by a strong oscillating
magnetic field). In the conventional RWA, we consider only the slowly varying
part of the driving field by neglecting the rapidly part of the oscillating field.
Bloch and Siegert studied the effect of the rapidly oscillating term on the resonance
frequency and noticed that in the presence of counter-rotating terms, the resonance
frequency shows a shift, which is known as the Bloch-Siegert shift (BSS). In case
of anomalous Rabi oscillations, however, band anisotropy caused by the inclusion
of next-nearest-neighbor hopping together with frequency doubling or the Rashba
effect leads to a Bloch-Siegert shift which is quite substantial (in percentage terms,
actually infinite), lending credence to the claim that the anomalous Rabi oscillation
is sensitive to qualitative changes in the low energy band structure of graphene
and as such is a useful indicator of the chiral massless Dirac fermion nature of

quasiparticles in graphene.
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Chapter 4: A Theoretical Analysis of the Pump-Probe Experiment in Dirac-
Weyl Systems

In this chapter, we have theoretically modeled a pump-probe experiment, which
is used to justify the phenomenon of anomalous Rabi oscillations - a central idea
in this thesis. By using the pump-probe experiment, incoherent optical proper-
ties such as optical dephasing and relaxation of band electrons in semiconductors
have been studied. In this experiment, two successive laser pulses are used, one
for exciting the system in a certain way, called pump pulse and other to test it
after a variable time delay, called probe pulse. Femtosecond laser pulses are re-
quired for studying these incoherent optical properties because timescales for these

phenomena are short (subpicosecond).

Chapter 5: Quantum Rabi Oscillations in Weyl Semimetal

In this chapter, we study anomalous Rabi oscillations in presence of a quantized
EM field. New phenomena such as zero-point or vacuum anomalous Rabi oscil-
lations are seen. Anomalous Rabi oscillations are seen even while treating the

radiation field quantum mechanically.
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