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ABSTRACT

he concept of attaining a controlled optical response of a material lies at the core

of many of the advances in the field of optics. In the subwavelength regime, an

effective control of the interaction between light and matter has become possible
with the advent of metamaterials (MMs) and plasmonics. Over the years, MMs and
plasmonics have revolutionized the entire field of optics and photonics by challenging
well-established technological restrictions such as the diffraction limit of light. Recently,
MDMs and plasmonic structures have been used to explore quantum phenomenon such
as electromagnetically induced transparency (EIT), in which a medium opaque to a
resonant field is rendered transparent by applying another field of similar resonant
frequency. In this thesis, we explore the different aspects of the EIT phenomenon such as:
tunable transparency window, steep dispersion and enhanced nonlinearity in the context
of terahertz MMs and planar plasmonic waveguide structures. The thesis is divided into
two parts. In the first part, we discuss the analogue of the quantum EIT phenomenon in
terahertz MMs. Here, we propose a terahertz MM geometry comprising an array of two C
shaped resonators placed alternately on both sides of a metal strip exhibiting the plasmon
induced transparency (PIT) effect. We have further examined a polarization independent
PIT response for two orthogonal direction of incident polarization in a symmetric MM
structure comprising of an array of a cross structure and four C shaped resonators.
Next, the modulation of the PIT effect is explored in a graphene based terahertz MM
by varying the vertical and horizontal distances between the resonators. The dynamic
tuning capability of the PIT effect is also examined by varying the Fermi energy of the
graphene layer. Further, dual-band EIT effect is examined in a concentrically coupled
asymmetric terahertz MM structure in which two tunable transparency windows are
achieved. In the second part, the excitation and propagation of surface polaritonic solitons
and breathers in a planar plasmonic waveguide structure via the quantum EIT effect is

discussed. Our study has significant potential in the realization of devices for polarization
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independent broadband applications, dynamically tunable devices, slow light systems,

narrowband absorbers, highly compact ultrafast optical devices, and many more.
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CHAPTER

INTRODUCTION

he notion of controlling the optical response of a material has always intrigued

the scientific community. Advances in the field of optics have led to the devel-

opment of various ways for achieving a controlled optical response of materials
in the subwavelength regime. In modern technology, the ability to effectively control
and manipulate light confined to small length scales serves a multitude of applications
[1-7]. However, a fundamental incompatibility exists in controlling light of microscale
wavelength with photonic structures of nanoscale dimension. In fact, the light-matter
interactions are significantly diminished when the dimension of a structure is much
smaller than the dimension of the guided wavelength [7, 8]. The advent of metamateri-
als (MMs) and plasmonics challenged these well-established technological restrictions
and revolutionized the entire field of optics and photonics by offering the possibility of

effectively controlling the light-matter interaction in the subwavelength scale [9-12].

MNDMs are broadly defined as artificially engineered materials [9, 10], having unusual
optical properties not readily available in naturally occurring materials [13, 14]. MMs
usually comprises of an array of artificial atoms (meta-atoms or meta-molecules) of
subwavelength dimension. These artificial structures gain their electrical properties
from the shape, dimension and arrangements of the meta-atoms rather than the bulk
material comprising the structure [15, 16]. MMs, thus provide the flexibility of controlling

the permittivity and permeability by merely altering the structure of the meta-atoms.
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CHAPTER 1. INTRODUCTION

The early concept of MM was pioneered by the Russian physicist Victor Veselago, in 1967
with the idea of negative refractive index [17]. In his paper, Veselago hypothesized the
existence of a material with simultaneously negative values of electric permittivity, € and
magnetic permeability, u. However, the existence of materials with negative permittivity
and permeability was considered impossible for a long time. It was only in 2000, that
Pendry proposed the recipe for obtaining negative refractive index by constructing a
subwavelength structure comprising of split ring resonators (SRRs) [18]. It was followed
by experiments by Smith and coworkers [19, 20], in which they demonstrated the
possibility of fabricating an artificial material whose electromagnetic characteristics
can be described by a negative index of refraction. In addition to the SRRs, other
subwavelength periodic structures such as photonic crystals [21], nano-strips, nano-rods,
nano-rings [22—-26], have also been examined for the realization of applications in diverse
areas including super-lensing [18, 27, 28], optical cloaking [15, 29, 30], sensing [31-33],

high-temperature superconductors [34-36], etc.

Apart from MMs, plasmonic structures have also been implemented for the modula-
tion of light beyond the diffraction limit [1, 11]. Plasmonics deal with surface plasmon
polaritons (SPPs) and its applications [12]. SPPs are electromagnetic surface modes that
propagate at the interface of a conductor and a dielectric. These surface modes enable ef-
fective localization of light over subwavelength dimensions and allow an efficient control
of light [12, 37]. Numerous experimental and theoretical studies investigating the impor-
tance of SPPs in various structures such as metal-dielectric interface [37], metal with
corrugations or holes [38—42], hybrid planar waveguides [43—-45] and planar waveguide
structures [46—48] have been performed. These structures enable the tight confinement
of light and allow advanced control and manipulation of light in miniaturized photonic
circuits [49]. Recently, plasmonic waveguide structures have been studied to explore the
nonlinear behavior of the surface electromagnetic waves by incorporating a nonlinear
medium in the structure [50]. The study of such nonlinear plasmonic structure revealed
the possibility of a myriad of interesting phenomena such as modulation instability
[561-53], generation of plasmon-soliton [54-57], etc. Consequently, MMs and plasmonic
structures have managed to attract significant interest owing to its potential in develop-
ing highly miniaturized photonic devices. These devices have practical applications in
various disciplines of science and technology such as imaging [68—61], sensing [62—64],
solar cells [65—68], SPP amplifiers and lasers [69-72], etc.
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Over the past decade, MMs and plasmonic structures have been associated with a
quantum phenomenon called electromagnetically induced transparency (EIT). MMs have
been found to mimic EIT in the classical regime [73, 74], through careful arrangements
of the structures. In EIT, a medium opaque to a resonant field is rendered transparent
by applying another field of similar resonant frequency [75]. In the context of plasmonic
structures, the quantum EIT phenomenon has been recently implemented to investigate
the excitation of surface plasmon (SP) resonances in these structures [76-78]. EIT
was first proposed by Harris et al. [79] in the year 1989, followed by experimental
demonstrations by Boller et al. [80] in Strontium vapor and by Field et al. [81] in lead
vapor, in 1991. Other studies of modified dispersive properties of EIT in Rubidium and
Sodium atoms has also been investigated [82, 83]. The essence of EIT phenomenon is
the modified refractive index of the medium that comes along with a low absorption and
a steep dispersion within the transparency region. It should also be emphasized that the
nonlinear optical response of the medium is greatly enhanced within the transparency
region [84]. Numerous interesting studies have been performed to realize a wide range of
phenomenon such as highly efficient nonlinear mixing [85-87], slow light phenomenon
[88-91] and lasing without inversion [92, 93].

The unification of MMs and plasmonic structures with the EIT effect opened up a
new area of research that remains to be explored and understood. The study of EIT
phenomenon in MMs and plasmonic structures is driven by the many fascinating aspects
of the effect. Firstly, the occurrence of a steep dispersion within the EIT transparency
window leads to a group velocity reduction of the impinging light, thus enabling the
tailoring of slow light in different frequency regimes [73, 94]. Secondly, the modified
nonlinear response associated with the EIT phenomenon could be exploited to generate
nonlinear polaritonic waves in plasmonic structures [95, 96]. It is worthwhile to note
that, of late, most studies on EIT in MMs and plasmonic waveguide structures are mainly
confined to the linear propagation regime, barring few studies [95-98]. In the nonlinear
regime, it is very natural to explore solitonic phenomena, soliton being considered
as a kind of nonlinear mode. EIT induced solitons, breathers and rogue waves are
expected to find immense applications in optical communication and related devices.
Furthermore, in the case of MMs, EIT can be achieved at room temperature unlike
EIT in a quantum system where the sample has to be kept in a cryogenic environment

throughout the experiment [99]. This makes EIT in MMs favorable when it comes to

TH-2107_146121002



CHAPTER 1. INTRODUCTION

practical applications. Currently, EIT in MMs and plasmonic structures has seen a rapid
surge of interests owing to its abundant prospective applications in the actualization
of devices for polarization independent broadband applications [100-104], dynamically
tunable devices [105-108], slow light systems [109, 110], sensing applications [111-113],
narrowband absorbers [114, 115], highly compact ultrafast optical devices [95], and

many more.

1.1 EIT in a three-level atomic system

Figure 1.1: Energy level diagram of a three level lambda-type atomic system.

In this section, the underlying physical mechanisms of EIT phenomenon in a quantum
system is discussed. The simplest form of atomic system exhibiting the EIT phenomenon
is a three-level atomic system [116]. The prototype of a lambda-type atomic system is
illustrated in Fig. 1.1. Here, the levels |1), |2) and |3) are the energy levels of the lambda
type atomic system, where the transition between the levels |1) and |3) is driven by a
weak probe field of angular frequency, w,, the transition between the levels |2) and [3) is
driven by a strong coupling field of angular frequency, w. and the transition between |1)
and |2) is forbidden. Then, the density matrix equation of the system can be obtained by

using the time-dependent Schrodinger equation of the form

dly) _
= (Ho+V)ly) (L.1)

where |v) = a1|1) +a2]2) + ag|3). Since the transitions between |1) and |2) is not

allowed, the potential which is given by the expression V;; = —ex;;.E(t), vanishes for V12
4
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1.1. EIT IN A THREE-LEVEL ATOMIC SYSTEM

or V21.The diagonal matrix element V;; = 0. We define w;; = (E j — E;)/h where the electric
field, E(t) = %épEpe_i‘”I”f + %écEce_i“’ct +c.c.. Then, by assuming w, = w31 and w, = w3y
and applying the rotating wave approximation, Eq. (1.1) reduces to the form:

daq

= iQ;eiwpta3 (1.2a)

da :

d—: =—ilwgiag + iQ:elwcta3 (1.2b)

da2 . . —iwpt . —iwct

R = —iwz1a3+iQpe “Pra;+iQece Cag (1.2¢)
where Q, = % and Q. = ex”é';cEc are the Rabi frequencies of the probe and the

coupling field. With the introduction of slowly varying amplitudes of the form: a1 = ¢1(#),

as = co()e H@r=@)t o = co(t)e rt and by substituting the amplitudes in Eq. (1.2), we
get
d
% =iQcs (1.3a)
d
—2 = —ibyep+iQcs (1.3b)
d
ﬁ = —i8ecy+iQpc1 +iQccs (1.3¢)

where 6, = w31 —wp, and 6. = w32 — w. are frequency detunings of the probe and the
coupling field, respectively. Then, the density matrix equation can be derived in a
straightforward manner using the relation, p;; =c ic;’f for i,j=1,2,3. For a sufficiently
weak probe field, the probability amplitude is assumed to be close to unity i.e., |c1(¢)|% = 1.
Under this assumption, we have the density matrix elements, p11(¢) = 1, p2s(?) = ps2(t) =
p22(t) = p3s(t) = 0. If the damping due to collision and spontaneous emission, described

by the relaxation rates y12 and y13 is considered, then Eq. (1.3) reduces to

d ) . .

% =1i(6p +iy12)p12 — 12 P13 (1.4a)
dpis . . e e

ar - (5c+lY13)p3—LQp—lQCp2 (1.4b)

By solving Eq. (1.4) under the steady state condition, one can arrive at the expression for
the density matrix element p13 as follows

iQ;(5p +1iy12)
(6p +iY12)(0c +iy13) = 1Qc|?

P13 = (1.5)
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CHAPTER 1. INTRODUCTION

Figure 1.2: Susceptibility, y as a function of the probe detuning 6,/y13 for a radiative two-level
system (blue dashed line) and an EIT system with resonant coupling field ( red solid line).

iN|uisl®
eoh

moment, €q is the vacuum permittivity, the linear susceptibility of the three-level atomic

Using the relation y = 013, where N is the number density, ui3 is the dipole

system is given by the expression:
_iN|us/? Q5 (6p +iv12)

(1.6)
€oh (6, +iy12)(Bc +iy13) — QeI

The important information about the EIT phenomenon can be retrieved by examining

the linear susceptibility, given in Eq. (1.6). A more elaborate derivation of the optical
6
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1.2. EIT IN TERAHERTZ METAMATERIALS

parameters can be found in Ref [116]. Figure 1.2 shows the linear susceptibility, y as
a function of the probe detuning 6, with damping rates y13. The linear susceptibility
describes the optical response of the atomic medium to an incident applied field. The
imaginary part of y (top) characterizes absorption while the real part of y (bottom)
denotes the refractive index of the medium. In the figure, the blue dashed line depicts
the susceptibility of a two-level atomic medium. For the two-level atomic medium, the
applied weak probe field drives the population transfer between the states of the atomic
medium. This medium behaves as a radiative system and exhibits a Lorentzian spectral
response. However, with the application of a coupling laser field, the initially radiative
system now becomes transparent to the probe field. The modified dispersive response of
the system as a result of the EIT phenomenon is represented by the red solid lines in Fig.
1.2. For a detuning 6, = 0, an elimination of absorption takes place in the system due
to the interference between two transition pathways of the three-level atomic medium
[79-81]. At the position of minimum absorption, the dispersion is steep, thus giving rise
to the slowing of group velocities. As a direct consequence of this aspect, EIT has been
associated with slow light phenomena [75, 81, 91], storage of light [88, 89], etc.

In this thesis, the modified optical properties of the EIT effect is exploited in the
context of terahertz MMs and planar plasmonic waveguide structure. Different aspects
of the EIT effect such as the tunable transparency window, steep dispersion and greatly
enhanced Kerr nonlinearity are explored in the terahertz frequency and the optical
frequency regimes. In the following sections, we shall briefly discuss the underlying
mechanism of EIT phenomenon in terahertz MMs and planar plasmonic waveguide

structures.

1.2 EIT in terahertz metamaterials

A terahertz MM is a type of composite MM designed in such a way that it operates
and interacts in the terahertz frequency regime. The terahertz regime is a very narrow
spectral region of frequencies ranging from 0.1 THz to 10 THz, which falls between the
microwave and infrared regions of the electromagnetic spectrum [117]. In the electromag-
netic spectrum, a radiation having a frequency of 1 THz corresponds to a time period
of 1ps and has a wavelength of 300 um with a photon energy of 4.1 meV. Terahertz

radiation has the potential to penetrate most dry dielectric materials such as clothing,
7
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(a)

(b) C

L

Figure 1.3: (a) A prototype of a single split ring resonator and (b) its equivalent LC circuit [129].

paper, cardboard, plastics, etc. and are non-ionizing in character. Terahertz radiations
also have the ability to provide the physical insights of a material that is not accessible
by using X-ray or infrared radiation. As a result, terahertz radiation has been explored
for its applications and significance in various applied fields such as security purposes
[118-120], imaging [121-124], medicine [125, 126], sensing of chemical and biological
agents [127, 128].

Until recently, this portion of the electromagnetic spectrum was not particularly
useful due to lack of suitable devices that could emit and detect the terahertz signals,
since most of the natural materials do not respond to terahertz radiation [117]. In order
to overcome this limitation, artificially designed materials have been employed. MMs
enable interaction with the terahertz radiation leading to the realization of the many

devices and ultimately filling the technological void in this regime. One of the most
8
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common MM structure, is the metallic split ring resonator (SRR), shown in Fig. 1.3(a),
purposely engineered with subwavelength dimensions to exhibit a resonant response in
the terahertz regime [129, 130]. Intuitively, an SRR can be thought of as a metallic ring
structure having a purely inductive response to the external field, in which the formation
of a complete circular current is prevented with the introduction of a gap in the ring,
resulting in the accumulation of charges across the gaps. Then, the SRR finally behaves
as a resonant element with both capacitance and inductance, ultimately enhancing the
magnetic response of the structure. From an equivalent circuit point of view, an SRR
behaves as an LC oscillator in response to an applied external field [130]. According to
the simple circuit model, shown in Fig. 1.3(b), the frequency of the magnetic resonance in
an SRR, given by the expression wg = 1/ VLC, can be approximately evaluated through
a careful estimation of the equivalent inductance L and capacitance C [129, 130]. The

inductance of the conducting ring is given by the expression:

L=— (1.7)

while the capacitance of the gap can be obtained using the expression

__€wt

C
d

(1.8)

where pp and ¢y are the magnetic permeability and electric permittivity of free space,
respectively. [ denotes the length of the SRR side, ¢ is the metal thickness, w is its width
and d represents size of the gap. Then, the resonance frequency can be expressed as
wr = UVd/wi? « 1/A, where A is the size of the meta-atom and is directly proportional
to all the geometrical parameters i.e., [, t, w, d. Hence, A acts as a scaling factor for the
SRR structures. Therefore, the resonance of the SRR can be shifted to higher frequencies
by shrinking the dimensions of the structures [130]. In Ref [131], a resonance was
achieved at frequencies ranging from 0.8 to 1.2 THz in an array of SRRs made of 3 um
thick copper by scaling the size of the SRRs. These experimental demonstrations further
paved the way for exploring metamaterials for various different applications in the

terahertz frequency region [130-136].

Following similar scaling rules, various other structures such as cut-wires, circular
or square rings, symmetric and asymmetric SRRs, etc. can also be tailored to exhibit
resonances at the terahertz frequency regime. With strategic use of a combination of

these structures, the EIT effect can be achieved in terahertz MMs. The first analogue
9
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of EIT effect was achieved in 2008, by Zhang et al., in a MM structure comprising of
cut-wire structures made of silver metal on a dielectric substrate [73]. In their work, this
analogue of the EIT effect was termed as plasmon induced transparency (PIT). In the
same year, a similar kind of study was carried out by Papasimakis [74] and his coworkers,
where they investigated EIT effect in a MM structure whose meta-atom comprises of
bi-layered fish-scale structures that are etched in the top and bottom face of a 1.5 mm
thick dielectric material. In MMs, the EIT effect usually occurs as a result of interference
between the bright and the dark modes. The bright mode strongly couples with the
incident light and has a broader spectral response while the dark mode couples weakly
or not at all to the incident light [137—139]. For EIT to occur, both the bright and the
dark modes should have similar resonant frequencies with a very little deviation. In such
a situation, the destructive interference of these modes induces a narrow transparency
region in the otherwise absorptive spectrum. Within this region all the incident radiation
gets transmitted through the medium and the dispersive properties of the medium gets
strongly modified [73].

Since the detection of the EIT effect in 2008, a variety of metamaterial configurations
comprising of metal strips, coupled SRRs, slot waveguides have been investigated for
the realization of the effect in gigahertz [97, 98], terahertz [99, 103, 140-142] as well as
the infrared regime [105, 107] of the electromagnetic spectrum. Numerous experimental
demonstration in this area have been supported by the well-defined theories such as
equivalent circuit [143, 144] and coupled Lorentz oscillator models [73, 99]. However, for
most of the metal based metamaterials, tuning of the EIT effect limited by the scaling
constraints of the MM structures. In this context, active tuning of the EIT [97, 99, 106]
effect is explored in MMs by incorporating nonlinear media or semiconductor material
in the structure. Even so, only limited tuning could be achieved in case of the metal
structures. The pursuit for the efficient tuning of the EIT effect led to the study of
this effect using graphene based metamaterials. Recently, the dynamic tunabilty of the
effect in graphene metamaterials has been rigorously investigated in the mid-infrared
[105, 107, 145-149] as well as terahertz frequency regions [150, 151]. MM structures
such as metal split ring resonators (SRRs) coupled to a graphene strip [147], Comb
like structure [148] as well as dipole-dipole coupling [149], a graphene ring coupled to
a graphene strip [152] are some configurations that has been investigated. Consider-

able interest has also been given to realize dual-band EIT effect in terahertz MMs, in

10
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which two transparency windows are induced, through the careful arrangements of the
resonators. MM configurations comprising of metal strips, split ring resonators, hybrid
structures, [115, 153—-155] etc. have been investigated for the realization of this effect.
The investigations in this area of research is influenced by its potential in the realization
of applications such as slow light devices [94, 109, 156-158], frequency agile devices
[99, 105, 150, 159], sensors [111, 112, 143], etc.

1.3 EIT in planar plasmonic waveguide structures

Over the recent years, the quantum EIT phenomenon has also been associated with the
generation of surface plasmon (SP) resonances in planar plasmonic waveguide structures
[76, 77]. Theoretical studies have suggested the possibility of exciting SP resonances in a
prism coupler system with an EIT medium [76]. Excitation of SP resonances has also
been examined in an experimentally feasible prism coupler system with the help of EIT
in a semiconductor-quantum-dot system [77]. This section gives a brief description of
SPs and its excitation by employing the quantum EIT phenomenon in a prism coupler

system.

1.3.1 Swurface plasmons

@ A () A
Z Z
Dielectric
\/\/\/\f far_ e
+++ - +++ - 15 >
\,/ \4/ S/ m
Metal /

Figure 1.4: Schematic illustration of electromagnetic wave and surface charges at the interface
between a conductor and dielectric, (b) the local electric field component is enhanced near the
surface and decay exponentially with distance in a direction normal to the interface.
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Surface plasmons (SPs) are electromagnetic surface modes that enable effective
localization of light over subwavelength dimensions allowing the efficient control of light
[12]. These surface waves arise when incident laser fields couple with the collective
electron oscillations in the metal. The physical properties of SPs can be investigated by
applying the Maxwell’s equations to a flat interface between a conductor and a dielectric.

The simplest geometry sustaining SPs is a single, flat interface between a dielectric
and an adjacent conducting media (shown in Fig. 1.4). The dielectric is described by a
positive real dielectric constant, ¢; and the conductor is described by a dielectric function,
€m(w). For an electric field propagating in the x-direction with no spatial variation in
the in-plane y-direction, the plane z = 0 coincides with the interface. This interface
sustains the propagating waves, described as E(x,y,z) = E(z)e’#*=“D where B is the
propagation constant of the surface wave and correspond to the component of wave-vector
in the direction of propagation. For TM mode, the Maxwell’s equation reduces to a set of

equations in both half spaces as follows:

Hy(2) = Ae'Prehaz (1.9)
E.(2)=iA kgeifrekaz (1.10)
WEPEY
E.(z)= —Aikdeiﬁxe—kﬂ (1.11)
WEPEY
for z >0, and
H,(z) = Be'Prekm= (1.12)
E.(z)=—-iB ke Prem? (1.13)
WEYEM
E.(z)=-B b ke'Prehm? (1.14)
WEYEM

for z < 0, where kg = \/B2-ko%eq and k,, = \/p2—ko%€, is the component of the

wavevector perpendicular to the interface between the two media, whose reciprocal
value 64 = 1/|k4| and 6,, = 1/|k,,,| defines the exponential decay length of the fields per-
pendicular to the interface, which quantifies the confinement of the wave [12]. Applying
the appropriate boundary conditions for continuity of H, and ¢;E, at the interface, yields

A =B and ky/k,, = —€4/€,, . Substituting the values for &,, and k&, yields the dispersion
12
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Figure 1.5: The wavevector vs frequency representation of SPs along with that of the incident
light.

relation of the SPs propagating at the interface between the two media having relative

permittivity, €, and €4, respectively, is given by the expression

€m€d
€Em T €4

B =ko (1.15)

where f is the wavevector of the surface plasmon waves and k¢ is the wave vector of

the incident light in free space. A more rigorous derivation is given in ref [12]. Figure
1.5 shows the dispersion characteristics of the SPs along with that of light. It is evident
from the figure that the wave vector of SPs is always larger than that of light in free
space and the wavelength of SPs is always smaller than the light wavelength. The fact
that a wave with a shorter wavelength would suffer less diffraction can be enough to
break the diffraction limit of light. This makes SPs attractive for various applications in
the subwavelength scale. Further, in the dispersion relation of SPs, it is observed that
in the low frequency region, the SP wavevector is small and is close to that of the light
line. For larger wavevector, the frequency approaches a characteristic surface plasmon
frequency wgp = w p/m . It can be observed that the wavevector 8 goes to infinity
as the frequency approaches wgsp and group velocity tends to 0. At this limit the field
is squeezed at the interface and hence allows tight localization of the electromagnetic
fields.

13
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If the metal loss is considered, the dielectric properties of metal are described by
a complex dielectric function ¢,, = elm + iel,,n. The propagation constant is expressed
as f(w) = ,Bl(w) +iB (w), where the real part represents the phase shift rate due to
propagation and the imaginary part accounts for absorption. The travelling SPs are
damped with an attenuation length, L = [2,6"((1))]_1, typically between 10 and 100 um
in the visible regime, depending upon the geometry of the metal-dielectric concerned
[12]. From the dispersion relation, it is evident that both the attenuation length and the
confinement in the dielectric medium are strongly dependent on frequency. At frequencies
close to wgp, SPs exhibit large field confinement to the interface and subsequent small
propagation distance due to increased damping. This characteristic trade-off between

the confinement and loss is typical for plasmonic structures.

Since the wave vector of SP is always greater than that of light in free space i.e.,
B > ko the projection of the light momentum along the interface is always smaller than
the SP’s propagation constant, prohibiting phase matching. Hence, the SPs on a flat
metal/dielectric surface cannot be excited directly by light beams. Special techniques
have been introduced for the excitation of SPs such as the prism coupler technique [160],
grating technique [161], to impart the extra momentum to the light wave vector in order
to match that of the SPs.

1.3.2 Excitation of surface plasmon via EIT

Coupling field

Probe field 7

EIT medium

Figure 1.6: Schematic diagram of the prism coupler system for the excitation of SP resonance.
The system is composed of a cylindrical prism, a metal film, and an atomic EIT medium with
permittivities €;, €, and €4, respectively.
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The schematic of the prism coupler system for the excitation of SPs is illustrated
in Fig. 1.6. Consider a planar waveguide structure consisting of a prism, a thin metal
film and a bottom layer. The bottom medium is considered to be a lambda-type atomic
medium, described in section 1.1. Then, the dielectric constant of the EIT medium is
related to the susceptibility of the medium ez =1+ ﬁ where y is the susceptibility of

the EIT medium given by the expression in Eq. (1.6).

For the given system, the three layer reflection and transmission coefficient is given

by the Fresnel equations as follows:

Tim +rmdei2kmzl
Timd = o (1.16)
1+ rynrmget<tm=
and
ikl
ttmtmdel me
I - (1.17)
1+7rimrmgetim:
. h - emkiz—€thms d _ €dkmz_€mkdz h ﬂ 1 fﬁ 1 f h - ddl
with rim = 275 70 Fotehn, AN Tmg = T =000 % as the retlection coefficient of the top-middle
m ¥4 mz

€qktztemka,
and middle-bottom interface, respectively. The transmission coefficient of the top-middle

and the middle-bottom interface is expressed as ¢4, =1+ r;, and ¢,,5 = 1 +r,,4, respec-
tively. The transmittance and the total reflection is given by the expressions, T' = |¢1mq|
and R = |rynaql?, respectively. The normal wavevectors can be given by % J_Zz = ko€ = k.2
where j =t,m,d and the parallel wave vector is given by k, = kon;sin6,, where k¢ = w/c
is the vacuum wave number and 0, is the incident angle of the probe field. An elaborate
analysis for the generation of SPs in the system is given in Ref [76]. For a particular
value of the angle of incidence of the probe and the coupling field, the parallel wave
vector of the incident light satisfies the phase matching condition, f = kon;sin6,. At this
position, the total transmission T increases to a large value and the reflection R drops
to a small value such that R << T'. This indicates the excitation of the SP resonance
in the prism coupler system. The excitation of the SP resonance can be controlled by

modulating the field parameters of the probe and the coupling field as well.

The drawback of the prism coupler system, however, is that it cannot be used for
applications in highly compact nano-optical devices, since the dimension of the prism
cannot be less than the wavelength of the incident light. In this context, the possibility
of exciting SP resonances without the use of any coupling mechanism in a multilayer

planar waveguide structure via EIT has been recently explored [78, 95]. Within the
15
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transparency window, a giant Kerr nonlinearity is achieved, which in turn, could be
exploited to generate nonlinear waves in these structures [95, 96]. Novel theories have
also been proposed where an incident light is transversely tightly guided at a metal-
dielectric interface with the help of EIT phenomenon, and laterally self-trapped by
the inherent nonlinear Kerr effect to yield a plasmon-soliton [95]. Plasmon-solitons
are basically electromagnetic surface waves confined at the interface inheriting the
shape preserving properties of solitons [54]. Subsequently, the EIT phenomenon could be
employed as a means to compensate the propagation loss of the SPs in planar plasmonic

waveguide structures.

1.4 Outline of the thesis

In the following, we present the plan of the thesis by including a brief description of the
various problems that have been tackled in the form of different chapters. The thesis is
primarily divided into two parts: The first part of the thesis discusses the analogue of the
electromagnetically induced transparency effect in different terahertz metamaterials.
Part I of the thesis comprises of chapter 2, chapter 3 and chapter 4. In the second part of
the thesis, we study the excitation of surface polaritonic solitons and Akhmediev breather
in a planar plasmonic waveguide structure based on the effect of electromagnetically
induced transparency (described in Chapter 5). Finally, we provide the summary of the

thesis in chapter 6, followed by a future scope of the work.

In Chapter 2, we discuss the numerical and theoretical analysis of plasmon induced
transparency (PIT) in a planar terahertz metamaterial comprising of two C-shaped
resonators and a cut-wire structure, placed alternately on both sides of the cut-wire. We
show that the PIT window is modulated by displacing the C shaped resonators with
respect to (w.r.t.) the cut-wire. An equivalent circuit model is provided to explain the
numerical observations for different coupling configurations. We further show that a
polarization independent response PIT response can be achieved in a terahertz metama-
terial configuration that comprises of a cross wire and four C-shaped (4C) resonators. For
two orthogonal polarizations of the incident terahertz beam, an identical transmission
response is achieved indicating a polarization independent PIT behavior. This study
could be significant in the realization of terahertz devices such as tunable switches,

modulators and polarization independent slow light systems.
16
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Chapter 3 discusses the PIT effect in a novel graphene metamaterial comprising
of a pair of graphene SRRs placed alternately on both sides of the graphene strip. The
PIT effect is modulated by varying the vertical displacement as well as horizontal
displacement of the split ring resonators w.r.t. the graphene strip. The PIT effect is also
examined for different values of Fermi energy of the graphene material. Finally, we
validate our numerical findings by employing a theoretical model based on the three-level
plasmonic system. The theoretical results are in good agreement with the numerical
results. The dynamic tuning achieved in our study could be significant in designing

frequency tunable, active and reconfigurable terahertz metamaterials in near future.

In Chapter 4, we discuss a scheme to achieve dual-band EIT effect in a planar
terahertz metamaterial, comprising of an inner circular split ring resonator (CSRR)
concentrically coupled to an outer asymmetric two-gap circular split ring resonator
(ASRR). We show the modulation of dual-band EIT effect by rotating the inner CSRR.
Modulation of the effect is further achieved by varying the asymmetry in the ASRR and
the size of the CSRR in the proposed metamaterial. A theoretical model based upon the
four-level tripod (FLT)-system provides an intuitive explanation about the underlying
coupling mechanism responsible for dual-band EIT effect in the proposed metamaterial
structure. The study is significant in the development of multi-band slow light devices,

narrowband absorbers, etc. in the terahertz regime.

Chapter 5 discusses the coupler-free excitation of polaritonic solitons and breathers
in a planar plasmonic waveguide structure comprising of a transparent layer, a metal
layer and a layer of three-level lambda-type atomic medium. A coupler-free excitation of
SP resonances is achieved via EIT in the proposed system. The EIT phenomenon gives
rise to Kerr nonlinearity in the system which balances the dispersion in the system,
providing the necessary condition for the excitation of polaritonic solitons in the system.
The generation and evolution of the bright and dark polaritonic solitons in the system
is investigated. Further, we examine the excitation of surface polaritonic Akhmediev
breathers in the proposed system. We show that a stable propagation of the polaritonic
solitons and breathers is achieved in the proposed system. This experimentally feasible
scheme could be significant in the development of highly compact nano-photonic devices

in the optical regime.

17
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Chapter 6 provides the conclusion of the thesis along with a summary of the major
findings of the research work carried out followed by a brief outline on the scope for

future studies.

18
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CHAPTER

PLASMON INDUCED TRANSPARENCY THROUGH
ALTERNATELY COUPLED RESONATORS IN A TERAHERTZ

METAMATERIAL

2.1 Introduction

lasmon induced transparency (PIT) effect in MMs has garnered a lot of interest

over the past decade. The PIT effect and its occurrence in MMs have been

discussed in detail in the previous chapter. The effect has been realized in a
variety of MM configurations such as metal strips and coupled split ring resonators in
the gigahertz as well as the terahertz regimes [73, 74, 140-142, 162—-165]. In recent
times, strategically designed MM structures have been examined in the pursuit of a
polarization independent PIT response [100-102]. Research in this area is presently
driven by the prospect of realizing potential applications of the effect such as sensors
[111-113, 143, 166, 167], slow light systems [94, 109, 156—158], broadband applications
[103, 104], modulators [168, 169], etc. in the terahertz regime. In this context, we
examine PIT effect in a coupled resonator terahertz MM configuration comprising of two

C-shaped (2C) resonators and a cut-wire (CW) like structure. The PIT in the proposed

The results of the work reported in this chapter has been published in Opt. Express, vol. 25, year 2017,
pages 10484-10493; title:“Plasmon induced transparency effect through alternately coupled resonators in
a terahertz metamaterial”; authors: Koijam Monika Devi, Amarendra K. Sarma, Dibakar Roy Chowdhury,
and Gagan Kumar.
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COUPLED RESONATORS IN A TERAHERTZ METAMATERIAL

model occurs due to the destructive interference between the CW and the 2C resonators.
Although, the displacement of the C-shaped resonators in the vertical direction has been
studied in earlier works [106, 141], the novelty of our work stems from the investigation
of the coupling mechanism in the horizontal direction which results in transition from a
strongly coupled system to a weakly coupled system. When the C-shaped resonators are
displaced in the vertical direction, the dark mode excitation in the PIT MM is achieved
through both electric and magnetic fields of the CW. As the C-shaped resonator pair is
translated along the CW starting from the bottom, the coupling mechanism switches
from being capacitive in nature via the electric field to being inductive via the magnetic
field of the CW [141]. However, in our case, the dark mode is excited only through the
electric field of the CW as the C-shaped resonators are translated in the horizontal
direction, resulting in a capacitive coupling between the C-shaped resonator pair and
the CW.

In this chapter, we first discuss the design and numerical simulations of the PIT effect
with alternately placed C-shaped structures w.r.t. the cut wire. It is observed that the
transparency window can be broadened by increasing the coupling between the CW and
the two C resonators. A simple lumped element equivalent circuit model using coupled
oscillator theory is provided to corroborate the numerical observations. In exploring PIT,
the studies largely have focused to examine this effect for a specific polarization of the
incident light for which the effect is prominent. As we switch to the different polarization,
the effect becomes either weaker or completely vanishes. This may limit the use of PIT
effect for development of sensing applications. In order to overcome this, we introduce
two C and a CW structure in the perpendicular orientation in our MM geometry so
that the new meta-molecule consists of a cross wire and four C (4C) resonators. Finally,
we examine the PIT effect from this new meta-atom for two orthogonal directions of

polarization of the incident radiation to establish the polarization independent response.

2.2 Design and numerical simulations

The schematic diagram of the proposed MM geometry is shown in Fig. 2.1(a).The meta-
molecule of the proposed structure comprises of a CW and two C shaped resonators
and is designed in a way that they can exhibit PIT effect with the CW as the bright
resonator. In the proposed geometry, the quantity 'L’ represents the length of the CW,
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Figure 2.1: (a) Schematic diagram for the study of the PIT effect through the planar MM
geometry comprising of a cut-wire and two C shaped resonators. (b) Transmission response for
CW, 2C and the PIT effect for the y-polarized incident light.

'a’ represents the dimension of each of the C shaped resonator, ‘w’ denotes the width of
the CW as well as the C resonators and 'g’stands for the gap of the C shaped resonators.
The periodicity of the meta-molecule is denoted by 'p’ and is taken to be 140 um in
our simulations. For our simulations, we have taken L =84 um, a =35 um, w =4 um
and g = 27 um. The distance 'd’ between the CW and the 2C structures is varied in
our numerical simulations to examine the modulation response of the PIT effect. The
CW and the 2C are assumed to be made up of aluminium having thickness, ¢ = 200 nm
on a quartz substrate of thickness, h = 25 um, with a relative permittivity €, = 3.75. It
may be noted that in the simulation model, we have considered dc conductivity to model
aluminium. The numerical simulations are performed using the technique of frequency
domain solver in CST Microwave Studio. The MM geometry is simulated under the unit
cell boundary conditions in the x-y plane. We set open boundary conditions along the
direction of light propagation and chose a mesh size of the order of A/10, where A is
the wavelength of the incident radiation. The simulation is performed for the y linearly

polarized light under the normal incidence.
23

TH-2107_146121002



CHAPTER 2. PLASMON INDUCED TRANSPARENCY THROUGH ALTERNATELY
COUPLED RESONATORS IN A TERAHERTZ METAMATERIAL

Figure 2.2: Electric field profiles of (a) the CW structures, (b) the 2C structures and (c) the
proposed PIT MM. The green arrow signifies the direction of incident polarization of the electric
field.

The terahertz transmission response through the proposed MM configuration for
the y- polarized incident terahertz radiation id depicted in Fig. 2.1(b). The blue traces
represent the bright mode while the red traces represent the dark mode. The green traces
signify the PIT effect from the proposed terahertz MM geometry. It may be noted that
the array of CWs exhibit a typical localized surface plasmon resonance at f = 1.0 THz
while the two C structures support an LC resonance at the same frequency. The CWs
couple directly to the incident light and has a broad spectral response. On the other hand,
the 2 C structures result in a weakly coupled response to the incident terahertz beam.
The resonances from the CWs and 2 C structures behave like a bright mode and dark
mode respectively. The interference of these two modes induces a narrow transparency
window in the transmission spectrum represented by green traces in the figure. In order
to further understand the bright and dark modes as well as the PIT effect, we observe
the induced electric field profiles in the transparency region i.e. at 1.0 THz. The results
are shown in Fig. 2.2. We may note that the CW structure gets directly excited by the
incident light resulting in a bright mode (Fig. 2.2(a)), while the 2 C shaped resonators
are weakly excited by the incident field resulting in a dark mode (Fig. 2.2(b)). When
these two modes are allowed to couple with each other, a narrow transparency window is
induced due to the destructive interference of the modes (Fig. 2.2(c)). In this transparency
window, the imaginary part of the field becomes negligible and the structure becomes
highly dispersive. This results in the significant reduction of the velocity of the incident
light.

We further examine the displacement of C-shaped resonators w.r.t. the CW which is

responsible for a coupling between the resonator and hence a modulation of transparency
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Figure 2.3: Electric field profiles of (a) the CW structures, (b) the 2C structures and (c) the
proposed PIT MM structure. The green arrow signifies the direction of incident polarization of
the electric field.

window is possible. This modulation is achieved by varying distance 'd’ from 2 um to 20
um in the MM structure. The transmission response for different values of 'd’ is shown
in Fig. 2.3. The red traces represent the PIT effect for d =2 um of the PIT MM geometry.
For this configuration, a broad transparency window is achieved owing to the strong
coupling between the CW and 2C resonators. The green, blue and cyan traces represent
the PIT effect for d =5 um, d =10 um and d = 15 um respectively. The orange traces
represent the case of d = 20 um and contribute to the weakest coupling. It is evident from
the figure that the PIT window gets narrower as we increase the distance 'd’ between the
CW and the 2C resonators. The narrowing of the PIT window occurs due to a reduction
in the coupling of CW with the C-shaped resonators. Such behavior suggests an efficient
modulation of the PIT effect by varying the coupling between the bright and the dark

modes in the MM structure.

2.3 Semi-analytical model elaborating the PIT effect

In order to elucidate our numerical findings on the PIT effect as observed in this work,

we use an equivalent RLC circuit model [143, 165], which is shown in Fig. 2.4. In the
25
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40

Figure 2.4: An equivalent circuit model for the proposed PIT MM structure is shown in Fig.
2.1(a).

model, both the left hand loop consisting of R1, L1, C1 and the right hand loop consisting
of Ro, Lo, Cq constitutes a resonant circuit having resonance at f = 1.0 THz. The left
hand loop represents the bright mode or the CW resonator, while the dark mode or
2C resonator is represented by the right hand loop. The capacitance C. in the circuit
accounts for the coupling between the bright and the dark modes. The incident terahertz
field is represented by V(¢) in the model. The bright mode is directly excited by the
incident terahertz radiation while the dark mode is excited through coupling with the

bright mode.

The circuit model shown in Fig. 2.4 can be considered as a two-port system with input
voltage V1 and Vs. Then, for currents I; and I3 flowing through the left and the right

hand loop, the Z matrix equations is expressed as follows

\% Z11 Z I
( 1 ) o 11 412 1 ) 2.1)
Vo Zor Zgg )\ I
By following the standard circuit analysis, we get
(V(t)) _ (—ijﬁRﬁﬁ =t )(11 ) ©.2)
0 —jal)CC —j(x)Lg +R2 + —jal)Cz Ig

For a general two port system, the Z parameters can be transformed into the S-parameters

with the help of the standard conversion formula [170, 171], which is given below
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(Z11-Z{)NZoo + Z3) — Z12Z91

S11= , (2.3a)
1 (Z11+Z1)Zog+Zo)—Z12Z21
2719\ 2172
Siz= A : (2.3b)
(Z11+Z1)Zog+ Zo)—Z12Z21
2291V Z217Z
Sg1 = 2LV 2122 : (2.3¢)
(Z11+Z1)Zog+ Zo)—Z12Z21
A (Z11+Z1)0Zog - Z5) — Z19Z 91 2.3d)

 (Zu+Z1)Zag+Zs) - Z12Z21’

where Z1 and Zy are the source and the load impedances of the system. A detailed deriva-
tion for the conversion of parameters of a two-port system can be found in [170, 171].
By using the relations in Eq. (2.3), and by substituting the corresponding Z parameter
values, the transmission coefficient is calculated as #(w) = S91. For Z1 = Zy = Z(, where

Zg is the vacuum impedance, we get the transmission coefficient as follows

2iwZoC
Hw) = U 2 —. @9

[1— (ijl—RlJrm;cl—zo)(ijz—RﬂmLCz—zo)(wcc) ]

Using Eq.(2.4), we can obtain the transmission response of the MM structure correspond-
ing to a specific set of parameters used in our numerical simulations of the PIT effect.
The transmission is calculated for different values of 'd’ which causes a varying coupling
between the CW and the two C-shaped resonators as discussed in section 2.1. Figure
2.5 depicts the theoretical fit of the transmission by using the semi-analytical model,
for different values of d. It is worth mentioning that the provided circuit model uses a
capacitive coupling, represented by C., to explain the PIT response in the proposed MM
structure. This coupling could be modulated by varying the value of the capacitance C.
used in the model. It is observed that the inductance parameters (L1 and Ls) and the
capacitance parameters (C1 and C3) does not change significantly while the coupling
strength in the model decreases with the increase of the horizontal distance, resulting in
the narrowing of the PIT window. As such, this model can be used to predict the near
field coupling in MM systems where capacitive coupling is dominant. It is evident that
the results from semi-analytical approach (shown in Fig. 2.5) are in good agreement with

the numerical observations of Fig. 2.3.
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Figure 2.5: Transmission plot for the proposed MM structure obtained using the semi-analytical
model. The value of the vacuum impedance is taken as Zy = 377 (2 while the resistance parameters
R{ and R are taken as 300 Q and 5 £Q, respectively throughout the fitting. The PIT transparency
window is modulated by varying the value of the capacitance C. used in the model.

2.4 Polarization independent plasmon induced

transparency

In the MM configuration proposed above, the PIT effect occurs only when the incident
polarization is parallel to the longitudinal direction of the CW. However, for certain
applications, a polarization independent response may be desirable. In order to achieve
a polarization independent PIT effect, we introduce two more C structures and one
CW structure after being rotated orthogonally in the same plane, in the above MM
geometry. The schematic of this new meta-atom, now comprising of a cross and four
C resonators is shown in Fig. 2.6, along with the transmission results. We examine
the transmission response through this new design for the x and y-linearly polarized
lights so as to elucidate our impression of a polarization independent response. We
observe that the design exhibits equally strong PIT effect for both the polarizations
which is explained through several steps in Figs. 2.6(a)-(f). In the figure, green arrow
indicates the direction of incident polarization. The red traces signify the transmission

for x-polarized light while the blue traces represent the transmission for the y-polarized
28

TH-2107_146121002



2.4. POLARIZATION INDEPENDENT PLASMON INDUCED TRANSPARENCY

1.0 T T T T T
= 08 g
L 2
% 00
: ;
= 02 =

00 1 1 1 1 1
g g
-5 .5
2 4
= g
c c
: :
5 &
- -
c -
: :
~ [

f(THz) f(THz)

Figure 2.6: Terahertz transmission through CW structure for the (a) x-polarized and (b) y-
polarized incident terahertz light. The green arrow indicates the direction of electric field polar-
ization of incident light. (c) and (d) represent the terahertz transmission for the 4C structure for
the two polarizations. (e) and (f) correspond to the PIT effect for both the polarizations. The inset
in the figures show the corresponding MM geometry.
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light. The transmission for the cross structure is shown in Figs. 2.6(a) and 2.6(b) while
the transmission for the four C structures is represented by Figs. 2.6(c) and 2.6(d). The
cross structures show a typical localized surface plasmon resonance at f = 1.0 THz while
the 4C supports an LC resonance at the same frequency i.e. f = 1.0 THz. It is clearly
observed from the Figs. 2.6(a)-(d) that the cross structure has a broader and deeper
transmission dip than that of the 4C structures. The resonance from the cross structure
is believed to be a bright mode, however the resonance from the C shaped structures
is called a dark mode. When these two modes are allowed to couple with each other,
a narrow transparency window is induced due to the destructive interference of the
modes. Fig. 2.6(e) and 2.6(f) represents the PIT effect of the proposed geometry for both
the x and y-linearly polarized lights. We notice an equally strong PIT effect for both
the incident polarizations which indicates a polarization independent response of the

proposed geometry.

Further, we examine the induced electric field profiles for the cross structure, the 4C
structure and the PIT MM structure individually (see Fig. 2.7). The incident polarization
is parallel to the direction of the green arrow in the figure. Figure 2.7(a) and 2.7(b)
represent the electric field profiles of the cross structure at f = 1.0 THz, for x and
y-linearly polarized incident light respectively. Figure 2.7(c) and 2.7(d) represent the
electric field profiles of the 4C structure at f = 1.0 THz, for the x and y-linearly polarized
incident lights respectively. It may be noted that for each of the incident polarizations,
only the cut wire of the cross structure that is parallel to the incident light is excited,
while for the C-shaped resonators whose gap is perpendicular to the incident polarization
direction does not get excited in case of 4C structure. When the modes from these
excitations are allowed to couple with each other, a narrow transparency window is
induced due to the destructive interference of the modes. Figure 2.7(e) and 2.7(f) represent
the electric field profiles of the PIT effect corresponding to this MM geometry at the PIT

transmission peak frequency of f = 1.0 THz.

Finally, we explore the possibility of modulating the PIT window through this pro-
posed terahertz MM configuration. For doing so, we examine the polarization independent
PIT response for different values of 'd’ for both x and y-linearly polarized incident ter-
ahertz light. A change in the value of 'd’ results in the diagonal shifting of C-shaped
resonators w.r.t. the cross wire. The results are shown in Fig. 2.8. Figure 2.8(a) represents

the transmission for the x-polarized incident light while the transmission response for
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Figure 2.7: Absolute value of electric field profile for cross structure for (a) x-polarized and (b)
y-polarized light at the resonance frequency f = 1.0 THz. Electric field profile for 4C structure
for (c) x-polarized and (d) y-polarized light at the resonance frequency f = 1.0 THz. Electric field
profile for the PIT MM structure at the PIT dip for the x-polarized and y-polarized light are
depicted in (e) and (f). The incident electric field is parallel to the direction of the green arrow.

the y-polarized light is shown in Fig. 2.8(b). It is evident from the figure that the PIT
effect is equally strong for both the x and y-incident polarizations. It may be further
observed that the transparency window can be modulated by changing the coupling
between the cross wire and the C shaped structure through the variation of 'd’ . The
traces in different colors in the figure represent the transmission response for differ-
ent values of 'd’ as labeled in the figure itself. The red traces for d = 2 um show the

widest, while orange trances for d = 20 um depict the narrowest transparency window.
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Figure 2.8: Transmission for a MM comprising of a cross and 4C resonators: (a) x-polarized light
and (b) y-polarized light for different values of 'd’. As d increases, there is a reduction in the
transparency window observed due to decreased coupling.

A reduction in the transparency window observed is due to the decrease in coupling
as 'd’ increases. The efficient modulation of the PIT window suggests the prospect of
developing devices operating within the broad transparency region in terahertz domain.
Also, the polarization independent behavior could be significant in the improvement of

sensing devices.
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2.5 Conclusions

We have numerically and theoretically analyzed coupled terahertz MM comprising of
two C-shaped resonators and a cut-wire (CW) structure. The PIT in the proposed config-
uration occurs due to the destructive interference of the resonances from the cut-wire
(CW) and the two C-shaped resonators. It is observed that the transparency window can
be broadened by increasing the coupling between the CW and 2C structures. A simple
equivalent circuit model using coupled oscillator theory is described to validate our
numerical observations. We extend our analysis to the terahertz MM configuration that
comprises of a cross wire and four C-shaped (4C) resonators in order to achieve polariza-
tion independent response. Therefore PIT response of this geometry is examined for the
two orthogonal polarizations of the incident terahertz beam. The identical transmission
response indicates a polarization independent PIT behavior. In this geometry, the trans-
parency window is modulated by displacing the C-shaped resonators diagonally w.r.t. the
cross-wire. As the resonators are displaced away from the cross wire, the transparency
window gets narrower due to a decrease in the coupling strength. The proposed study
could be significant in the realization of terahertz devices for broadband applications,

sensing and polarization independent slow light systems.
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CHAPTER

PLASMON INDUCED TRANSPARENCY IN GRAPHENE

BASED TERAHERTZ METAMATERIALS

3.1 Introduction

n the previous chapter, we discussed PIT effect in a planar terahertz MM structure

comprising of two C-shaped resonators (2C) and a cut-wire (CW) structure made

of aluminium metal. For most of the metal based MMs, the tuning of the PIT
effect is achieved by altering the geometrical parameters of the structures, which limits
the active tuning capability of the MM structure. In order to overcome this restraint,
the PIT effect in MMs has recently been examined by incorporating nonlinear media
or semiconductor material in the structure [99, 172]. But only limited tuning could
be achieved in the case of metal MM structures. The quest for a better and efficient
tuning of the PIT effect, led to the study of this effect using graphene based MMs.
Graphene provides extreme field confinement and low propagation losses. Its Fermi
energy can be varied easily by applying an external gate voltage or through chemical
doping [173—-176]. This has sparked a lot of interest in exploring the efficient dynamic
tunabilty of the PIT effect in the graphene MMs in the mid-infrared [105, 107, 145—

The results of the work reported in this chapter has been published in Europhysics Letters, vol. 120,
year 2017, pages 27005; title:“Plasmon induced transparency in graphene based terahertz metamaterials”;
authors: Koijam Monika Devi, Maidul Islam, Dibakar Roy Chowdhury, Amarendra K. Sarma and Gagan
Kumar.
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147, 153, 164] as well as terahertz frequency regions [150, 177, 178]. Tunable slow light
phenomenon through PIT effect in graphene MM structures has been studied through
the variation of Fermi energy [105, 107, 145]. Metal split ring resonators (SRRs) coupled
to a graphene strip has also been found to exhibit the PIT effect [105, 107, 145]. Comb
like structure [146, 148], as well as dipole-dipole coupling [149], a graphene ring coupled
to a graphene strip [152] are some configurations that has been investigated in the
recent years. Currently, the PIT effect in graphene based MMs is rigorously investigated
using strategic geometries to explore the possibility of realizing dynamically tunable
devices such as sensors, ultrafast switches and slow light systems [105, 150, 152]. In
spite of the investigations, none of the study has been focused in exploring the PIT effect
in graphene based terahertz MM structures. In this chapter, we report a novel graphene
MM structure comprising of a pair of graphene SRRs placed alternately on both sides of
the graphene strip. The field of graphene and terahertz MMs has grown significantly
in last few years [150, 174, 177, 178]. However, there is ample scope to explore and
understand the PIT effect in graphene based MMs and optimize their performance to

actualize the construction of terahertz devices.

Here, we investigate the PIT effect in a graphene based MM structure whose meta-
atom comprises of a pair of graphene SRRs placed alternately on both sides of the
graphene strip. The PIT effect in a terahertz graphene MM structure is numerically and
theoretically analyzed. The transmission characteristics of the proposed graphene MM
structure are studied for different vertical configurations. Simulations reveal that the
PIT effect in the graphene MM vanishes when the centers of the graphene SRRs and
the graphene strip are collinear. We have also thoroughly examined the PIT effect in
the graphene MM when the SRRs are displaced horizontally w.r.t. the graphene strip.
Further, the PIT effect is studied for different values of Fermi energy of the graphene
material. It is observed that the PIT window exhibits a blue shift as the Fermi energy
gradually increases from 0.4 eV to 0.7 eV. Finally, a theoretical model based on the three

level plasmonic systems is established in order to elucidate our numerical observations.

3.2 Design of graphene terahertz metamaterial

The schematic diagram for the study of the PIT effect in the graphene based tera-

hertz metamaterial structure along with its meta-atom is depicted in Fig.3.1(a). The
36

TH-2107_146121002



3.2. DESIGN OF GRAPHENE TERAHERTZ METAMATERIAL

(b) 1'0 I I I I
a = Graphene o 08F 1
@ === Substrate % '
Incident é 067 ]
THz &

§ 0.4 — Strip 1

= — SRRs
02 —PIT 1
05 07 09 L1 13 15

f (THz)

Trans%%litted

THz

Figure 3.1: (a) Schematic illustration for the study of the PIT effect in the graphene based
terahertz metamaterial structure along with the meta-atom comprising of a pair of graphene
split ring resonators and a graphene strip, (b) Individual transmission profile versus frequency
for the graphene strip, graphene SRRs and the graphene PIT MM structure.

transmission characteristics of the graphene MM structure are investigated using the
finite-element-method-based frequency domain solver in the CST Microwave Studio. The
MM structure is composed of a strip and a pair of SRRs made of graphene material hav-
ing a thickness of 1 nm placed on a substrate of thickness £ = 10 um, having a dielectric
permittivity of 2.4. The graphene strip and the graphene SRRs are designed such that
they have similar resonance frequency, with very little deviation, upon excitation by the
incident light. The length and width of the graphene strip is L =19 um and wy =1.1 um,
respectively. The outer dimensions of each graphene SRR isa xa =6.7 um x 6.7 um and
width is wg = 0.9 um. "d" is the distance between the graphene strip and the graphene
SRRs while "s" is the distance between the centers of the two graphene SRRs. The
periodicity of the structure is taken as p =24 um. The MM structure is simulated under
unit cell boundary conditions in the x-y plane. An adaptive mesh size of the order of
A/10, where A is the wavelength of the incident radiation, is employed. Open boundary
conditions is set along the direction of light propagation. The conductivity of graphene in

the terahertz frequency range is described by a simplified Drude expression [173]:
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62Ef 1

nh? w+it!

o(w) = 3.1
where e is the electronic charge and E is the Fermi energy and 7 is the intrinsic
relaxation time of the graphene material. The transmission results of the graphene strip,
graphene SRRs and the hybrid graphene MM structures are shown in Fig.3.1(b). The red
line represents the transmittance of the graphene strip while the black traces represent
the transmittance of the graphene SRRs. It is evident from the figure that the graphene
strip is directly excited by the incident radiation, whereas the fundamental mode of the
pair of graphene SRRs is not excited by the incident radiation. Hence, the graphene strip
behaves as the bright mode while the graphene SRRs behave as the dark mode. When
these graphene SRRs are kept in the vicinity of the graphene strip, they couple through
the induced electric field of the graphene strip. This coupling causes a PIT effect in the
graphene MM structure, which is represented by the blue line in Fig. 3.1(b).

3.3 Results and Discussions

The transmission characteristics of the proposed MM structure are studied for different
vertical and horizontal configurations. Figure 3.2(a) represents the transmittance of the
graphene MM structure for different variations in "s" while d = 1.5 um is fixed. The red
line represents the transmittance of the MM structure when s =0 um. The green line
represents transmittance for s =4 um while the blue traces signify the transmittance
for s =6 um. The cyan and the orange traces represent the transmittance of the MM
structure for s = 8 um and s = 11 um, respectively. Simulations reveal that there is no PIT
effect in the graphene MM when both the SRRs are collinear to each other, i.e., s =0 um.
However, as the graphene SRRs are displaced away from each other in the vertical
direction, the graphene MM starts exhibiting the PIT effect. Next, the transmittance of
the graphene MM structure for different values of "d" is shown in Fig.3.2(b). In this case,
we have assumed "s" to be fixed. The orange line represents the transmittance of the MM
structure when d = 0.5 um. The cyan line represents the transmittance for d =1 um
while the blue traces signify the transmittance for d = 1.5 um. The green and the red
traces represent the transmittance for d = 2.5 ym and d = 3.5 um, respectively. It may
be noted that, as d increases, the PIT window becomes narrower due to the reduced

coupling between the graphene strip and the graphene SRRs.
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Figure 3.2: Numerically simulated transmittance of the graphene MM structure for (a) different
values of vertical distance "s" by fixing the horizontal distance, d = 1.5 ym and (b) different
values of the horizontal distance "d" for a fixed value of vertical distance, s =11 um. The Fermi
energy is kept fixed at a value, Er = 0.5 ¢V in both the cases.

In order to get insight about the PIT effect in the graphene MM, we study the

electric field profiles for various vertical and horizontal configurations. Figure 3.3(a)-(c)

represents the electric field profiles of the MM structure for s =0 um, 6 um and 11 um.

It is evident from Fig.3.3(a), that the coupling between the graphene strip and the

graphene SRRs is negligible for s =0 um, i.e., when the centers of the graphene SRRs
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Figure 3.3: (a) Electric field profile of the graphene MM structure for different vertical con-
figurations (a) s =0 um, (b) s =6 um, (c) s =11 um and different horizontal configurations (d)
d=0.5um, (e) d =2.5 um and (f) d = 3.5 um. The incident electric field is along the direction of
the green arrow.

and the graphene strip are collinear. This leads to the vanishing of the PIT effect in the
MM structure. This is a very interesting feature as the PIT effect does not vanish for
the similar configuration in a metal-based MM structure. In metals, when the SRRs
are shifted away from the center in the vertical direction, the PIT effect occurs due to
inductive coupling via the magnetic field as well as capacitive coupling via the electric
field of the middle strip. When the SRRs are placed close to the center of the middle
strip, the dark-mode excitation occurs due to the magnetic field of the strip, whereas
when the SRRs are close to the edges of the strip, the electric field is responsible for the
excitation of dark-mode resonance [141]. We believe that in graphene-based MM, the
dark mode is neither excited by the electric field nor by the magnetic field of the graphene
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strip. However, as the SRRs are displaced away from the center in the opposite direction,
the graphene MM structure starts to exhibit the PIT effect.The electric field profile for
s =6 um is shown in Fig.3.3(b). As the SRRs are further displaced towards the edge
of the strip, the PIT window becomes wider due to an increased coupling between the
graphene strip and the graphene SRRs. Figure 3.3(c) represents the electric field profile
for s =11 um. In this case, the graphene SRRs is close to the edge of the graphene strip
and hence the dark-mode excitation takes place through the electric field of the graphene
strip. The electric field profiles for different horizontal displacements, i.e., d = 0.5 um,
2.5 um and 3.5 um are also shown in Figs. 3.3(d), 3.3(e) and 3.3(f), respectively. It is
clearly evident from the Fig. 3.3(d) to 3.3(f) that the coupling between the graphene strip
and the graphene SRRs is the maximum for d = 0.5 um. This configuration corresponds
to a wider PIT window (see Fig.3.2(b)). As the graphene SRRs are displaced away from
the graphene strip in the horizontal direction, the coupling between them reduces. When
d = 3.5 um, the graphene strip and the graphene SRRs are almost uncoupled. This
results in the narrowing of the PIT window and fading of the PIT effect in the MM

structure.
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Figure 3.4: Contour plot of the transmittance of the graphene MM structure by varying the
Fermi energy, E ¢ of graphene layer from 0.4 eV to 0.7 eV, with fixed value of vertical displacement,
s =11 pym and horizontal displacement, d = 1.5 um.

Further, to investigate the tunability of the PIT effect in our proposed near-field
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coupled graphene MM, the transmission characteristics were studied by varying the
Fermi energy "E ;" of the graphene layer. Figure 3.4 represents the contour plot of the
transmittance of the graphene MM structure for different values of Er. When Er = 0.4 eV,
the PIT peak frequency is observed at f, =0.87 THz. As the Fermi energy is increased
gradually from 0.4 eV to 0.7 eV, the PIT peak frequency increases, finally reaching a
value of f, = 1.2 THz. It is evident from the figure that the PIT window exhibits a blue
shift with the increase of the Fermi energy. It may be worthwhile to mention that the
resonance frequency of the graphene layer strongly depends upon the Fermi energy by
the relation, f, \/E—f [173-176]. This dependence of the peak frequency on the Fermi
energy is clearly observed in our numerical results. Hence, an efficient tuning of the
PIT effect of the MM structure, without altering the geometrical parameters, can be
achieved by tuning the Fermi energy of the graphene layer. This opens up the possibility

of realizing reconfigurable or active MMs based on graphene structures.

3.4 Analytical model for the PIT effect

In order to better understand the physics of the PIT effect in the graphene MMs, the
three-level plasmonic model [73, 105, 107] is employed. The model consists of a bright
plasmonic state, which strongly couples with the incident field and a dark plasmonic
state which does not couple to the incident terahertz beam. We assume the bright mode
and dark mode to have nearly same resonances, i.e., w1 and wg, respectively. The field

amplitude of the bright and dark modes can be expressed as

d
%:—i(w—w1+i)/1)a1—iKag—iglE, (3.2a)
d
% =—ika1—i(w— w3 +iys)as, (3.2b)

where Y1, 72 are the damping factors of the bright and the dark modes, respectively. w
is the incident frequency, « is the coupling coefficient between the bright and the dark
modes while g1 is a parameter describing the coupling between the incident light and

the bright resonator. Under steady state approximation, Eq.3.2 reduces to

(w—w1+iyDar+xag=—-g1E, (3.3a)
(w—w2+i)/2)a2+1<a1 =0. (33b)
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By solving the Eq.3.3, we obtain

—o\E
= g1 . (3.4)

: 2
(@ -w1+iy1) - (w-wa+iyz)

Then, the transmission of the graphene MM can be expressed using #(w) =1—|a1/E|? as

follows:
2

g1(w— w2 +1iy2) . 3.5)

k2 —(w— w1 +iy)w—ws+1iys)

tHw)=1-

The theoretical fitting of the square of the transmission represented by Eq.3.5 for

different values of "s" and "d" are shown in Figs. 3.5(a) and 3.5(b), respectively. The

parameters for the theoretical fitting for different values of "s" and "d" are given in table

3.1 and table 3.2 , respectively.

Table 3.1: Parameters for the theoretical fit for various "s".

s(um) g1 (THz) y1(THz) y9(THz) «x(THz)

0 0.2 0.28 0.15 0.05
4 0.2 0.205 0.35 0.25
6 0.2 0.15 0.36 0.31
8 0.2 0.12 0.37 0.36
11 0.2 0.105 0.38 0.42

Table 3.2: Parameters for the theoretical fit for various "d".

d(um) g1 (THz) y1(THz) ys(THz) x(THz)

0.5 0.21 0.012 0.45 0.7

1 0.21 0.045 0.43 0.54
1.5 0.21 0.11 0.36 0.42
2.5 0.21 0.145 0.34 0.34
3.5 0.21 0.185 0.33 0.26

The geometrical parameter g1 = 0.2 or 0.21 is same for all the values of "s" and "d",
representing a constant free space coupling between the bright mode resonator and
electric field of the incident linearly polarized terahertz beam. y; gradually decreases for
variation of s from 0 um to 11 um, whereas it increases for variation of d from 0.5 um to

3.5 pum. y9 increases for variation of s from 0 um to 11 um and decreases for variation
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Figure 3.5: Theoretically fitted transmittance of the graphene MM structure (a) for different
values of "s" with a fixed value of d = 1.5 um, and (b) different values of "d" with a fixed value of

s=11 um.

of d from 0.5 um to 3.5 um. As "s" increases from 0 um to 11 um, x gradually increases

indicating an increase in the coupling between the bright and the dark mode of the

graphene MM, which results in the widening of the PIT window (Fig. 3.5(a)). x reduces

steadily as "d" increases indicating a reduction of coupling between the bright and the

dark mode resulting in the narrowing of the PIT window (Fig. 3.5(b)). The theoretical
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transmission results are in good agreement with our numerical results.

3.5 Conclusions

In conclusion, the plasmon-induced transparency effect in a near-field coupled meta-
material comprising of a graphene strip and a pair of graphene split ring resonators
is numerically and theoretically analyzed. The plasmon-induced transparency effect is
modulated by varying the vertical displacement as well as horizontal displacement of the
split ring resonators w.r.t. the graphene strip. As the graphene SRRs are displaced in the
vertical direction, the PIT effect vanishes when the centers of both graphene SRRs and
the graphene strip are collinear to each other. When the graphene SRRs are displaced
in the horizontal direction, the PIT window becomes narrower due to reduced coupling
between the dark and bright modes. Further, the PIT effect is studied for different values
of Fermi energy of the graphene material. The PIT window exhibits a blue shift as the
Fermi energy gradually increases from 0.4 eV to 0.7 eV. Finally, a theoretical model
based on the three-level plasmonic system is provided in order to validate our numeri-
cal findings. The theoretical results are in good agreement with the numerical results.
This study can be significant in designing frequency tunable, active and reconfigurable

terahertz metamaterials in near future.
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CHAPTER

DUAL-BAND ELECTROMAGNETICALLY INDUCED

TRANSPARENCY IN A TERAHERTZ METAMATERIAL

4.1 Introduction

s discussed in the previous chapters, the EIT effect in terahertz MMs has become

a prevalent area of research, owing to its numerous applications which is possible

due to the presence of a tunable transparency window [94, 99, 103, 140, 141,
150-152, 157, 165, 169]. This has led to a considerable interest in realizing the dual-
band EIT effect in MM structures through the careful arrangements of the resonators.
In this phenomenon, two tunable transparency windows are induced as a result of
the net coupling between the bright-dark-dark modes or bright-bright-dark modes of
the constituent MM structures [114, 115, 153—-155, 179]. Different MM configurations
comprising of metal strips, split ring resonators, hybrid structures, [114, 115, 153—
155, 179], etc. have been investigated for the realization of this effect. In terahertz
regime, the dual-band EIT effect has been examined in a MM comprising of a central
metal strip coupled to a split ring resonator (SRR) and a two-gap SRR [114]. The
dual-band EIT effect and slow light behavior has also been studied in a MM structure

The results of the work reported in this chapter has been published in J. Appl. Phys., vol. 124,
year 2018, pages 063106-063113; title: “Dual-band electromagnetically induced transparency effect in a
concentrically coupled asymmetric terahertz metamaterial”; authors: Koijam Monika Devi, Dibakar Roy
Chowdhury, Gagan Kumar and Amarendra K. Sarma.
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comprising of three coupled meta-atoms [114], for a wide range of oblique incident angles,
wherein the effect has been achieved through the simultaneous interactions of the bright
mode, dark mode and quasi-dark mode. In another recent study, Xu et al. [115] have
demonstrated the dual-band EIT effect through symmetry breaking in a terahertz MM
structure comprising of two concentric square SRRs with their gaps aligned parallel to
each other. Recently, the dual-band EIT phenomenon has managed to attract a lot of
attention due to its potential in realizing multiband slow light systems [114, 155, 179],
narrowband absorbers [115], etc. as a result of the double tunable transparency windows
associated with the effect. In-spite of the significant interest, only limited amount of
work has been reported to investigate and explore the applications of this effect. As such,
there is ample scope to explore the dual-band EIT effect in MMs, in order to achieve an
effective modulation of the transparency windows as well as to thoroughly understand

the underlying physical mechanisms causing the effect.

In this chapter, we examine dual-band EIT effect in a simple terahertz MM geometry
comprising of an inner CSRR concentrically coupled to an outer asymmetric two-gap
circular split ring resonator (ASRR). The dual-band EIT effect in the proposed MM
configuration occurs due to the coupling of the resonant mode of the CSRR structure to the
EIT response of the ASRR structure. It may be noted that the effect in the proposed MM
occurs due to the coupling of two meta-atoms (i.e., the CSRR and the ASRR), as opposed
to earlier studies [114], where the effect occurs as a result of the coupling between three
meta-atoms. Although, the dual-band EIT effect has been studied earlier, the novelty
of our work lies in the modulation of the transparency windows through the rotation of
the CSRR in the proposed MM structure. The circular structure of our proposed MM
configuration provides an extra degree of freedom in controlling the dual-band EIT effect
arising in the structure. The dual-band EIT effect diminishes with an increase in the
rotation angle of the CSRR and finally vanishes with an orthogonal rotation of the CSRR.
Modulation of the effect is further achieved by varying the asymmetry in the ASRR
and the size of the CSRR in the proposed MM structure. A theoretical model based
on a Four-Level Tripod (FLT) system clearly elucidates the coupling mechanism in the
MM structure. The design, numerical results and theoretical model are discussed in the

subsequent sections followed by a brief conclusion.
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4.2 Design and numerical simulations

Incident

z
Yy —— — = =
:X 7Y
yh 7 Aluminium
? [ Silicon substrate
Transmitted
THz

Figure 4.1: Schematic illustration for the study of the dual-band EIT effect in a planar terahertz
MM geometry along with the meta-molecule comprising of an inner CSRR concentrically coupled
to an ASRR.

The schematic diagram of the proposed asymmetric terahertz MM structure is illus-
trated in Fig. 4.1. The meta-molecule of the MM structure comprises of an outer ASRR
placed concentrically with respect to an inner CSRR. The ASRR and CSRR structures,
made of aluminium metal having a thickness of 200 nm, are placed on a silicon substrate
of thickness A = 10 um, with a dielectric permittivity of 11.9. The periodicity of the
MM structure is taken as p = 80 um. The outer radius of the CSRR and the ASRR
are denoted by r1 and rg, respectively. ‘g’ represents the split gaps of the ASRR and
the CSRR while ‘w’ represents the width of both resonators. ‘0’ denotes the rotation
angle of the CSRR with respect to the incident polarization, while ‘d’ is the asymmetry
parameter of the ASRR. The parameters ro =29 um, g =3 um, w =5 um are fixed for all
the numerical simulations. The numerical simulations have been performed using the
finite difference frequency domain solver in CST Microwave Studio. The MM structure is
simulated under unit cell boundary conditions in the x-y plane. An adaptive mesh size of

the order of 1/10, where A is the wavelength of the incident radiation, is employed. Open
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Figure 4.2: Terahertz transmission profile vs. frequency for (a) CSRR with 6 =0° and 1 = 13 um,
(b) ASRR with d =12 um and (c) the coupled MM configuration for fixed values of 6 =0°, d =
12 um and r1 = 13 um. Electric field profiles of (d) the CSRR structures at the resonance frequency,
(e) the ASRR structures at the transmission peak, and (f) the dual-band EIT MM structure at the
transmission dip Ds. The green arrow signifies the direction of incident polarization.

boundary conditions were set along the direction of light propagation. The simulations

are performed for the y-polarized incident terahertz wave.

The terahertz transmission response of the CSRR structure, ASRR structure and
the coupled MM structure for the y-polarized incident terahertz waves are shown in
Figs. 4.2(a)-(c). Figure 4.2(a) represents the transmission of the CSRR structure at 8 = 0°
and r; = 13 um. It is evident from the figure that the CSRR gets excited by the linearly

polarized terahertz beam and has a narrow resonance dip at a frequency, f =0.82 THz.
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On the other hand, the ASRR structure exhibits an EIT-like transmission profile having
a transparency window from 0.6 THz to 0.81 THz with a transmission peak frequency,
f =0.62 THz. The transmission profile for the ASRR structures with d = 12 um, is
shown in Fig. 4.2(b). When the CSRR is placed concentrically to the ASRR structure,
the single transparency window of the ASRR structure splits into two transparency
windows with the first transparency window ranging from 0.59 THz to 0.75 THz and
the second transparency window ranging from 0.82 THz to 0.93 THz. This dual-band
EIT effect occurs due to the coupling of the CSRR resonances to the EIT effect of the
ASRR structures in the coupled MM structure. The terahertz transmission response of
the MM for 6 =0°, d = 12 um and r; = 13 um is represented by the green solid line in
Fig. 4.2(c).To further understand the coupling behavior leading to the dual-band EIT
effect, we also observe the electric field profiles of the structural components of the MM
structure. Figures 4.2(d)-(f) represent the electric field profiles of the CSRR, ASRR and
the coupled MM structure, respectively. Figure 4.2(d) describes the electric field profile for
the CSRR structures, at the resonance frequency, when its gap is parallel to the direction
of the incident polarization. We may note from the figure, that the electric field in the
CSRR structure is strongly confined to its gap for this configuration, which indicates the
excitation of an LC resonance in the CSRR structure. The ASRR structure exhibits a
single transparency EIT-like effect due to the coupling of the resonances arising from
the two arms of the ASRR [180]. The electric field profile of the ASRR structures at the
transmission peak Pj is shown in Fig. 4.2(e). When the resonant mode of the CSRR is
made to couple with the EIT effect of the ASRR, a transmission dip D9 arises within
the transparency window. Hence, a dual-band EIT effect is achieved in the coupled MM
structure. The electric field profile for the corresponding structure at the transmission
dip Do (i.e., f =0.79 THz) is shown in Fig. 4.2(f).

4.3 Results and Discussions

The transmission characteristics of the proposed MM are studied for different rotation
angle of the CSRR with respect to the incident polarization. Figure 4.3(a) represents the
dual-band EIT of the proposed MM for a fixed r; = 13 um and d = 12 um by varying 6
from 0° to 90°. The red solid line represents the transmission of the MM structure when
0 = 0°. The green line represents transmission for 6 = 20° while the blue traces signify

the transmission for 0 = 40°. The cyan and the orange traces represent the transmission
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Transmission

Transmission

Figure 4.3: Terahertz transmission vs. frequency for (a) different values of rotation angle 6, and
(b) different values of the asymmetry parameter d of the proposed MM geometry. The size of the
inner CSRR is fixed at 71 = 13 pm in both cases.

of the MM structure for 6 = 60° and 6 = 90°, respectively. It is clearly evident from
the figure that the dual-band EIT effect is most prominent for 8 = 0°. The dual-band

EIT effect diminishes as the inner CSRR is rotated w.r.t incident polarization. When
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6 =90°, the dual-band EIT effect vanishes in the MM structure. Hence, one can switch
the dual-band EIT effect to a single EIT effect in the coupled MM structure. Modulation
of the effect is further achieved by gradually varying the asymmetry of the ASRR, ‘d’
from 0 um to 16 um in the MM structure. The transmission characteristics of the MM
structure for different values of ‘d’ with a fixed 6 = 0° and r; = 13 um is shown in Fig.
4.3(b). The orange solid line represents the transmission for d = 0 um. The cyan traces
signify the transmission for d =4 um. The blue and the green traces represent the
transmission of the MM structure for d =8 um and d = 12 um, respectively. The red line
represents the transmission of the MM structure when d = 16 um. It is clearly observed
from the figure that a single EIT effect occurs when the asymmetry parameter, d =0 um.
However, the single EIT effect in the MM structure evolves into a dual-band EIT effect
with the introduction of asymmetry (i.e., d > 0 um). The dual-band EIT effect is further
tuned by increasing the asymmetry of the ASRR in the proposed MM structure.

In order to get insight about the dual-band EIT effect in the MM structure, we study
the electric field profiles for various rotation angle and asymmetry parameters. Figure
4.4(a)-(c) represents the electric field profiles of the MM geometry at the transmission
peak P of the second transparency window for 6 = 0°, 40° and 90°, with r; = 13 um and
d =12 um fixed. It is evident from Fig. 4.4(a), that the CSRR is excited by the incident
terahertz radiation when 6 = 0°. In this case, the gap of the CSRR is parallel to the
direction of the incident polarization resulting in an L.C resonance dip at f =0.82 THz
(see Fig. 4.2(a)). The coupled MM structure exhibits a dual-band EIT effect for this
configuration, due to the coupling of the resonant modes of the CSRR and the ASRR
structures. However, as we rotate the CSRR w.r.t incident polarization, the near field
coupling behavior of the MM structure is modified. The electric field profile for 6 = 40°
is shown in Fig. 4.4(b). The CSRR is weakly excited by the incident terahertz radiation
which results in the diminishing of the dual-band EIT effect in the MM structure. Finally,
for 8 =90, i.e., when the gap of the CSRR is perpendicular to the incident polarization,
the LC resonance in the CSRR is no longer excited. With this right-angled rotation, an
on-to-off resonance of the CSRR is created in the MM structure. For this configuration,
the dual-band EIT effect reduces to a single EIT effect in the coupled MM structure.
The electric field profile for the corresponding MM configuration is shown in Fig. 4.4(c).
Hence, an efficient tuning of the dual band EIT effect is achieved as a result of this

on-to-off resonance of the CSRR. Figure 4.4(d)-(f) represents the electric field profiles
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Figure 4.4: Electric field profile of the MM structure at Py for different rotation parameters
i.e., (a) 0 =0°, (b) 6 =40° and (d) 8 =90° or a fixed value of r; =13 um and d = 12 um. Electric
field profile of the MM structure at P; for different asymmetry parameters i.e., (d) d =0 um, (e)
d =8 um and (f) d = 16 um for a fixed value of r; = 13 um and 0 = 0°. The incident electric field
is along the direction of the green arrow.

of the MM structure at the transmission peak P; of the first transparency window for
d =0 um, 8 um and 16 um with a fixed value of r; = 13 um and 6 = 0°. The electric
field profile, at P, corresponding to d = 0 um is shown in Fig. 4(d). For d =0 um, the
outer ASRR is a symmetric two-gap split ring resonator (SRR). It is evident from the
figure that the symmetric two-gap SRR is excited by the incident electric field. The
symmetric two-gap SRR has broad dipolar resonance [180] at a frequency close to that

of the CSRR. This dipolar resonance of the symmetric two-gap SRR, when coupled to
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Figure 4.5: Terahertz transmission vs. frequency by varying the size of the inner CSRR, r; from
12.5 um to 14 um. The values of the rotation parameter and the asymmetry parameter is fixed
at 0 =0 and d = 12 um, respectively.

the LC resonance of the CSRR, generates a transparency window leading to a single
transparency EIT effect in the coupled MM structure. By introducing an asymmetry in
the symmetric two-gap SRR, which then becomes ASRR, the dual-band EIT effect can
be realized in the coupled MM structure. The symmetry breaking in the MM structure
causes a difference in the resonance frequencies of the two metallic arms giving rise
to an EIT response for the ASRR structures. Figure 4.4(e) represents the electric field
profile corresponding to d = 8 um. In this case, the ASRR structures exhibit an EIT
like response due to the breaking of symmetry in the resonant mode. Consequently, the
coupling of the ASRR with the CSRR structure leads to the realization of a dual-band
EIT effect in the coupled MM structure. The effect can be further tuned by increasing the
asymmetry of the ASRR structure. The electric field profile corresponding to d =16 um
is shown in Fig. 4.4(f). It is observed that the dual-band EIT effect in the coupled MM
structure is most pronounced for this configuration. Therefore, an effective tuning of the
dual-band EIT effect is achieved in the MM structure.

Further modulation of the dual-band EIT effect in the proposed MM structure is
achieved by varying the size of the inner CSRR, ‘7 from 12.5 um to 14 um. The terahertz

55

TH-2107_146121002



CHAPTER 4. DUAL-BAND ELECTROMAGNETICALLY INDUCED TRANSPARENCY
IN ATERAHERTZ METAMATERIAL
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)

Figure 4.6: Energy level diagram of the FLT-system driven by three light fields Q,, Q. , Q. with
corresponding frequency detunings 6, 6., 6., respectively.

transmission profile for different values of r; with a fixed 8 = 0° and d = 12 um, is
shown in Fig. 4.5. The cyan solid line represents the transmission of the MM structure
when r1 = 12.5 um . The blue line represents transmission for r; = 13 um, while the
green traces signify the transmission for 71 = 13.5 um. The red traces represent the
transmission of the MM structure when r; = 14 um. When r; = 12.5 um, the resonance
dip of the individual CSRR structure occurs at f =0.85 THz. As r; is increased gradually,
the resonance frequency of the inner CSRR decreases steadily reaching a value of
0.76 THz when r; = 14 um. Hence, the dip Dg in the dual-band EIT effect experiences a
blue shift with the increase of r; in the MM configuration, resulting in the red shifting
of the second transparency region as well. This further adds another degree of freedom

to the tuning capability of the dual-band EIT effect in the proposed MM structure.

4.4 Analytical model based on the four-level tripod
(FLT) system

In order to validate our numerical findings and to better understand the dual-band EIT
effect in the MM structure, a four-level tripod (FLT)-system is employed [77, 115]. The
energy level diagram for the FLT-system is illustrated in Fig. 4.6. In the system, the
transition between |1) — |4), driven by the Rabi frequency, (2, is termed as the probe/dark
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transition while the transition between |2) — |4), driven by the Rabi frequency, Q. is
termed as the coupling/bright transition. The levels |1), |2) and |4) constitute a A-
system exhibiting an EIT effect as a result of the destructive interference between the
excitation pathways |1) — |4) and |1) — |4) — |2) — |4). With the introduction of another
dark/control state |3), this A-system evolves into an FLT-system, exhibiting a dual-band
EIT effect. This is because the destructive interference has changed into a constructive
interference between the EIT effect of the A-system and the dark/control state. In our
proposed MM structure, the outer symmetric two-gap SRR (corresponding to d =0 um)
behaves as the bright state with a broad dipolar resonance. One dark state is introduced
by breaking the symmetry in the outer symmetric SRR (corresponding to d >0 um), as a
result of which, the outer ASRR represents a A-system. Another dark state is introduced
by placing the inner CSRR concentrically to the ASRR in the MM structure. The coupling
between the ASRR and the CSRR structure leads to the evolution of the proposed MM

structure into an analog of the FLT-system.

The equation of motion of the FLT-system could be expressed as follows:

d . U
P21 _ —lye1—1(6p —6c)lp21 + - Q2" pa1 (4.1a)
dt 2

dp3l _ . l *

—— =—[y31-1(6p —8c)1p31 + = Q" pa1 (4.1b)
dt 2

dps1 . i

— = lra- 10plpa1 + 5 (Qp + Qep21 +Qerpar) (4.1c)

where pj1 is the off-diagonal density matrix element for the transition |7) — 1) () =12)
, 13), 14) ) and y;1 ( = 2, 3, 4) is the decay rates for the transition from [;7) — |1) .
The corresponding frequency detunings are defined as 6, = w, — w41, 6. = w. — w21 and
0. = wy — w31, Where wa1, w31 and w4 denote the energy-level transition frequencies. w
is the incident frequency and w,, w. and w. are respectively, the resonant frequencies of

the probe, the coupling and the control fields. For a steady state, Eq.(4.1) reduces to

ch*p4l
= . (4.2a)
P2l Olyar—i(6, — 601
ch’*p4l
= : (4.2b)
P8l olys1— 6, — 6]
i(Qp +Qcp21+ Qe p31)
= - (4.2¢)
pa1 2[y41—16p]
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Figure 4.7: Theoretically fitted transmission for (a) different values of rotation angle 0, with
fixed d = 12 um, r1 = 13 um, and (b) different values of the asymmetry parameter ‘d’, with fixed
values 6 = 0° and r1 = 13 um of the proposed MM geometry.

Then, from Eq.(4.2), one can obtain the exact solution of p4; as
-Q
P41 = P (4.3)

. S o . B (o]
2(iva1+6p) 2(iY21+C(5p—5c) 2(i7’31+c5p_60’)
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The transmission amplitude for the FLT-system is given by the expression, {(w) =1—

Im(p41) as

_Qp
Q2 __ 1Q4P
2(iy21+6,-6:)  2(iy31+6,-0.)

tlw=1-Im (4.4)

2(iya1+6p) -

Using the expression given by Eq.(4.4).and through carefully tuning the Rabi frequencies
and the decay rates of each transition, we can obtain a theoretical fit of the numerically
simulated transmission. The theoretically fitted transmission for the FLT-system, shown
in Fig. 4.7, are in good agreement with our numerical results represented in Fig. 4.3.
When d > 0 um, the ASRR structure behaves as an analog of a A-system. In this case, the
rotation of the CSRR structure acts as the dark/control field giving rise to the dual-band
EIT effect in the FLT-system. This control field evolves due to the in-plane rotation of
the CSRR in the MM structure which in turn modifies the coupling behavior in the
FLT-system. This results in the diminishing of the dual-band EIT-like effect in the MM
structure. Finally, for an orthogonal rotation of the CSRR, the dual-band EIT effect
reduces into a single EIT effect (as represented by the orange line in Fig. 4.7(a)) in our
proposed MM. For this configuration, the FLT-system behaves as if the dark/control
state is absent, reducing to a A-system. On the other hand, the A-system evolves into
a FLT-system when the asymmetry in the ASRR is varied. The asymmetry parameter,
in this case, acts as the dark/control state of the FLT-system. Figure 4.7(b) represents
the transmission for different values of asymmetry parameter with fixed values of 6
and 1. When d =0 um, the ASRR to the CSRR structure acts as the A-system. When
the asymmetry is introduced in the ASRR structure, this A-system evolves into the
FLT-system. With the help of these two control parameters, an effective tuning of the
dual-band EIT effect is achieved in the proposed MM structure.

4.5 Conclusions

The dual-band EIT effect in a terahertz MM comprising of an inner circular split ring
resonator (CSRR) concentrically coupled to an outer asymmetric two-gap split ring
resonator (ASRR) is numerically and theoretically analyzed. The proposed MM structure
exhibits the effect as a result of coupling between the resonant mode of the CSRR and the
EIT response of the ASRR. The coupling behavior in the MM is modified through an in-
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plane rotation of the CSRR structures. A gradual orthogonal rotation of the CSRR leads
to the vanishing of the dual-band EIT effect in the MM. Modulation of the effect is further
achieved by gradually varying the asymmetry of the outer ASRR as well as the size of
the inner CSRR. A theoretical model based on a Four Level Tripod system elucidates
the coupling behavior in the proposed MM geometry. This study can be significant in
realizing multi-band slow light devices, narrowband absorbers, switches, etc. in the

terahertz regime.
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CHAPTER

SURFACE POLARITONIC SOLITONS AND BREATHERS IN

A PLANAR PLASMONIC WAVEGUIDE STRUCTURE

5.1 Introduction

n the previous chapters, we have discussed the EIT phenomenon in different

terahertz MM structures, where the modulation of the transparency window has

been achieved either dynamically or by altering the geometrical parameters of
the MM structures. In these chapters, we have explored the aspect of the tunable
transparency window of the EIT phenomenon in the terahertz MMs [94, 99, 115, 150,
152, 157]. As discussed in section 1.3.2, the EIT phenomenon can also be employed as a
means for the excitation of SPs in a prism coupler planar plasmonic structure [76, 77]. A
recent theoretical study have also predicted the possibility of a coupler-free excitation
of SP resonances in these structures [78]. Currently, such coupler-free scheme is being
examined to explore the behavior of the SP waves in the nonlinear regime [95, 96] at
the interface of a negative index metamaterial (NIMM) and a four-level EIT medium.
In the nonlinear regime, the dynamics of the excited surface plasmons is governed by

the so-called nonlinear Schrodinger equation (NLSE), which can assume different exact

The results of the work reported in this chapter has been published in JJ. Opt. Soc. Am. B, vol. 36, year
2019, pages 2160-2166; title: "Surface polaritonic solitons and breathers in a planar plasmonic waveguide
structure via electromagnetically induced transparency"; authors: Koijam Monika Devi, Gagan Kumar
and Amarendra K. Sarma.
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solutions (e.g. solitons and breathers). These nonlinear SP waves inherit the shape
preserving properties of solitons [54, 181-183]. Hence, there is a significant potential of
such nonlinear SP waves as it can be employed as a means to reduce the propagation loss
inherent in SPs. Additionally, the coupler-free scheme can become a promising technique
for the development of highly compact nano-optical devices for various applications in
the optical regime by overcoming the limitation faced by the prism coupling technique
[78]. However, only few studies on coupler-free excitation of the nonlinear SP waves
has been reported so far [95, 96, 184]. Therefore, in this chapter, we propose a scheme
for the coupler-free excitation of surface polaritonic solitons and breathers in a planar
plasmonic waveguide structure comprising of a transparent layer, a metal layer and
a three level lambda-type EIT medium. Although, similar study has been performed
earlier [95, 96], the nonlinear behavior of the SPs using a coupler-free scheme with a
three-level EIT medium has not been investigated. Further, we have used a metal layer
in our study (unlike the earlier studies where an NIMM layer is used), as it is more
favorable when it comes to practical applications. To the best of our knowledge, the
excitation and propagation of the surface polaritonic solitons and breathers remain to be
explored in the proposed structure.

First, we discuss the coupler-free excitation of SP resonance in the linear regime
in the proposed planar plasmonic waveguide structure. Then, this coupler-free scheme
is further examined for investigating the behavior of the excited SP resonances in the
nonlinear regime. Here, we explore the nonlinearity aspect associated with the EIT
phenomenon to investigate the generation of surface polaritonic solitons and breathers
in the proposed structure. It is observed that within the EIT transparency window, a
giant Kerr nonlinearity is achieved which can be efficiently controlled through proper
modulation of the parameters of the incident fields. A balance between the group velocity
dispersion and the Kerr nonlinearity in the system provides the necessary condition
for the excitation of nonlinear SP waves. It is observed that the system yields laterally
self-trapped surface polaritonic solitons which is tightly guided at the interface of the
metal and the EIT medium. Further, we explore the possibility of generating surface
polaritonic breathers in the proposed system. We show that the surface polaritonic
solitons and breathers can have an undistorted and a stable propagation at the interface
of the metal-EIT medium.
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5.2 Model

Transparent
medium

metal

€b EIT medium
- Lambda type - .
o atomic system s

Figure 5.1: Schematic illustration for the excitation of surface polaritonic solitons and breathers
in a planar plasmonic waveguide structure based on EIT. A three-level lambda-type atomic
medium is considered as the EIT medium in the system. The red arrow indicates the probe field
while the black arrow denotes the coupling field.

The schematic diagram of the proposed planar plasmonic waveguide structure based
on EIT is illustrated in Fig. 5.1. The structure comprises of three layers namely, a top
transparent layer, a middle metal layer and a bottom layer of EIT medium. The top
layer is a transparent medium (vacuum or a lossless dielectric) having a refractive
index, n; = \/‘W =~ 1, where €; and y; are the electrical permittivity and magnetic
permeability of the medium, respectively. The middle layer is considered to be a metal
having a permittivity €,, while the bottom layer is a three-level lambda type EIT medium
with electric permittivity e¢;. The levels |1), |2) and |3) denotes the energy levels of the
lambda-type atomic system in which the transition between the levels |1) and |2) is driven
by a weak probe field of angular frequency, w, and the transition between the levels |2)

and |3) is driven by a strong coupling field of angular frequency, w.. 2, = % and
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Q.= % denotes the Rabi frequencies associated with the probe and coupling fields

with frequency detunings 6, = w, — w21 and §. = w. — wa3, respectively. The dynamics of
the three-level lambda-type atomic medium is given by the Maxwell Bloch equations
[185, 186]. Using the dipole and the rotating wave approximations, the equation of

motion of the medium can be described by the density matrix equations as follows:

l l
P11 ="731(033 — P11) +Y21022 — §Qpp21 + §Qp012, (5.1a)
) I I I I
paz=—(ys1+Y210p22 = 5 Qppra+ 5 Qp P21 = 5 Qepsa+ 5 {223, (5.1b)
I I
P33 = ¥Y31(p11 — P33) +Ya3p22 + 590p32 - EQC,D23, (5.1c)
: i i
P21 =~y =i8p)p21 + 5 (P22 = p11) — 5 Qeps1, (5.1d)
} l l
p23 = —(y —ib.)p23 + §QC(P22 —pP33)— §Qc913, (5.1e)
} i I
P31 = _[Y3l_l(5p_60)]p31+§QpP32_§Qpp21- (5.1f)

Under the slowly varying approximation, the evolution of the weak probe field in the

system which is given by the Maxwell Equation, V2E - (c%) %2723 = (60%) 66275 as

0 1 o0
i|—+ —|Q,(F,t)+xp21 =0, 5.2
(ax neffc2 6t) p( ) P21 (5.2)
where x = 27N w| ﬁ21|2/hc is the coupling coefficient, where N is the atomic density of
the atomic medium, fi;; is the dipole moment of the transition |j) — |i) (for ¢, =1,2,3),
€o is the absolute electric permittivity. n.rr = ckp/w, is the effective refractive index of

the system. Here, the dielectric constant of the medium can be obtained with effective-

medium theory and taking into account local fields, as

€ep=1+—"=— (5.3)

where, y, is the effective susceptibility of the medium which is expressed as follows:

3
Xo=xP+ ZE?, D, (5.4)
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5.3 Coupler-free excitation of surface plasmons

In the linear regime, the density matrix elements and the probe field could be expanded
using the perturbation method [186] as p;; = PES-) + Pg') and Q,(7,¢) = ng)(F,t), respec-
tively where € << 1 is the perturbation parameter. Moreover, we consider Qg,l)(?', t)=Fe'?,
and pg)(?, t)= pg.)(?’)Fei‘l’, where F' is a constant describing the pulse envelope of the SPs
and ¢ = K(w)z — wt, with w as the frequency of the SP and the linear dispersion of the

atomic medium is given by

K(w) = K(w+6.+1y31)

+ 5 ; : (5.5)
O _(w+6p+l'}’21)(w+5c+l)/31)

By assuming a weak field limit of the incident probe field, we have p11? = 1, p(202) ~ 0 and
pgg =~ 0. Using these conditions, we can obtain the expression for ps; to the first order as

follows:

—iQW [y21 - (8, — 6.)]

D=
Po1(7) = : - (5.6)
2|(y—i6,)[ys1 - i(6p — 60)] + (Qe/2)’]
Then, the linear susceptibility of the atomic medium is given by
Nfiz1|?
W= —=ph. (5.7)

o hE,

In the proposed scheme, the excitation of surface plasmon polaritons can be explained
with the help of the transmittance (7') and the reflectance (R) of the three-layer structure.
The three-layer transmission and the reflection coefficients of the three-layer structure
is briefly discussed in section 1.3.2, where the transmittance and the total reflection is
calculated using the expressions, T = |t;mp |2 and R = |rymp |2, respectively. The normal
wave vectors is given by k?z = k%ek - k% where j =t,m,d while the parallel wave vector
is given by k. = kon;sind,, where k¢ = w/c is the vacuum wave number and 0, is the

incident angle of the probe field.

The relative permittivity and the SP resonances are depicted in Fig. 5.2. Figure 5.2
(a) represents the real and imaginary part of the relative permittivity while Fig. 5.2(b)
represents the transmittance and the reflectance of the proposed structure. In the pro-
posed scheme, we consider the three-level atomic medium as the D2 line (32S1/2 — 32P3)9)
of the Sodium atom, with the energy levels |1) = |3S19,F =1), |2) = |3Pg,9,F =0) and
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Figure 5.2: (a) The relative permittivity of the EIT medium (described by Eq. 5.3). Re(ep) is
represented by blue solid line while the Im(ep) is represented by the red solid line, and (b) the
transmittance (red line) and the reflectance (blue line) of the proposed three-layer structure.
Here, we have taken the parameters: 6, =80°, 0, =0°, ¢ =30 nm, y21 =61.54 MHz, Q. = 2y9;
and A, =589.1 nm, w31 = 1.8 GHz and N =8 x 101% m~3 [187].

13) =13S1/2,F =2) [187]. For EIT to occur, we assume that probe beam is much weaker
than the pump beam. Here, we have taken the parameters [187]: y9; = 61.54 MHz
, Q¢ = 2y21, Ay =589.1 nm, w31 = 1.8 GHz and N = 8 x 101 m~3. Additionally, the
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middle layer is considred to be a layer of Silver metal having a dielectric permittivity,
€m =—13.3+0.883i [188] which is approximated to be constant within the EIT window.
Then, for a particular value of the angle of incidence of the probe and the coupling field,

the atomic medium exhibits the EIT phenomenon.

It is evident from the Fig. 5.2(a), that the condition Re(ep) <1 and Im(ep) << 1 is
achieved when 6§, is slightly less than 0. In this case, the relative permittivity, €, <1 and
as a result, the wave-number of the SPs, 8 =k % can be less than the wave-number
of the incident light, i.e., B < ko. Hence, the surface plasmon resonance (SPR) condition
which is given by the expression kgn;sinf, = § can be satisfied even for n; =1 for a
proper set of incidence angle. At this position, it is observed that the transmittance T
is greatly enhanced and the total reflection R drops to a small value such that 7' >> R
(see Fig. 5.2(b)), which is the signature of the resonant excitation of SPs. Hence, a
coupler free excitation of surface plasmon polaritons at the interface of the metal and
the EIT medium is possible in the proposed structure. In the proposed coupler-free
planar plasmonic waveguide struture, it is natural to examine the behavior of the
excited SP resonances in the nonlinear regime. In the nonlinear regime, the SPs can
exhibit interesting solitonic behavior which can be of great significance in overcoming
the propagation loss inherent in the case of SPs. Therefore, in the subsequent sections,
we further examine the generation and evolution of the surface polaritonic solitons and

the surface polaritonic breathers in the proposed structure.

5.4 Surface polaritonic solitons

The dynamics of the coupler free excited surface plasmon polaritons in the non-linear

regime, can be investigated with the help of the standard multiple scales method [189],
0 _
ij -
Y elpglj) and the Rabi frequency of the probe field (2, =3}, el qu where x; =€!x (1=0,1,2)

and ¢; = €'t (I = 0,1) are the multiscale variables. By substituting these expansions in the

by introducing the asymptotic expansions of the density matrix equations, p;; —p

Maxwell Bloch equations a linear and inhomogeneous set of equations for pglj) and Qg) is
obtained, which can be solved for different orders. For the second order, the solvability

condition leads to the propagation of the probe pulse, which can be expressed as

0 1 0
—+——|F=0 5.8
(6x1 Vgatl) (5.8)
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where Vy is the group velocity and F is the envelope function of the probe field which is
yet to be determined. The group velocity is calculated using the expression, V, = 1/K1
where K1 = 0K(w)/0w is the first-order dispersion. Further, the solvability condition in

the third order is expressed as

0 1. 0*F
— — —Ko—— —W|F|?Fe2%2 = 5.9
Laxz 2 26t12 ] ¢ ( )

where a = e2Im(K(w)) represents the absorption of the atomic medium, Ko = 02K (w)/0w?
represents the group velocity dispersion (GVD), and the Kerr nonlinearity is represented

by W )(ff), where )(f) is the third order susceptibility given by

.
@ _ INlb21l" )

Por. (5.10)
p hEp 21
Here, we can obtain the expression for pg; to the third order as follows
.~ (1 1)\2
e i [ (@) (1 . L) L _2rs1 ] (5.11)
21 2D 2)/+)/21 D D* 2’)/+)/21 )
where D = (y —i6,) — — 2 __ By choosing the parameters: ys; = 61.54 MHz,
[ys1-i(85-5¢)]

6. =3 MHz, Q. = 2y21, A, = 589.1 nm and w31 = 1.8 GHz, we obtain the value of
susceptibility, which is described by Eq. (5.10), as )(5,3) =(5.55+0.0832i) x 107 m2V 2,
This nonlinearity competes with the dispersion in the system giving rise to solitonic be-
havior of the SPs in the system. The nonlinear Schréodinger equation (NLSE), describing
the dynamics of the SPs in the nonlinear regime, can be obtained by combining all the

equations in all the orders, as follows:

U--Ks— -W|UJ?U =0, (5.12)

) 1. 02U
2 29T

( 9 +a
l_
Ox

where T = t—x/Vg ,U=€eFe ™ and a = Im(K(w)). At the EIT position, there is null
absorption (i.e.,a = 0) and the imaginary part of the coefficients is much smaller than its
real parts. Here, by neglecting the imaginary parts of the coefficients, Eq. (5.12) reduces

to the normalized form:
i— +=—+6lul’u=0, (5.13)
T

where x = —Lp{, T = Tyt and u = U/Uy. The dispersion length of the medium is given
by Lp = Tv%/K5 and the nonlinear length of the medium is given by L,,, = V| U2|W.
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Here, T is the pulse duration, 6 denotes the Kerr nonlinearity and Uj = TLO\/IW
is the typical Rabi frequency of the probe field. For § = +1, Eq. (5.13) can assume the
fundamental bright soliton solutions, which is given by up = sech(r)e’*. The bright
polaritonic soliton solution in the original variables is given by the expression: Qﬁ =
U exp(iKyx), which can be expressed as

5 L 1/2
1 (K
QB (72) sech

_ i[ Koo ]
=— e D" (5.14)
p TO w

1 x
ﬁﬁ‘@)

where the Ko and W denotes the real part of the variables Ky and W. Then, the corre-

sponding electric fields for the bright soliton can be expressed as

3 K 1/2

B 2

E, == (T) sech
|21l To \ W

i[(]fwk,,—ﬁ)x—wpt] , (5.15)

1
T—O(t—%) e

In order to investigate the evolution and the propagation for the bright polaritonic
solitons, we assume the initial condition as Eg(O,t)/Uo = sech(T/To)exp(iT/Ty). It is
noteworthy to mention that the proposed scheme can be observed in an experiment
by choosing realistic parameter. By taking 6. = 3MHz, Ty = 10ps, {2, = 2y91, one can
assume a stable propagation of the bright polaritonic soliton. For these specific values, we
get W =(1.47 +.069i) x 1076 m 152, Then, for this set of parameters, the spatiotemporal
dynamics of the bright polaritonic solitons within the EIT transparency window in the
proposed structure can be examined as a function of distance and time. The bright polari-
tonic soliton propagation through the system is depicted in Fig. 5.3. It is evident from the
figure that the bright polaritonic solitons can propagate through the waveguide for a long
distance without encountering much distortion. The bright polaritonic soliton retains its
shape and amplitude as it propagates through the system. This stable propagation is
achieved as a result of the balanced dispersion with the sufficient self-focusing provided

by the inherent Kerr nonlinearity within the EIT transparency of the system.

Similar investigation can be carried out for the case of dark polaritonic solitons
as well. For § = —1, we obtain the fundamental dark soliton solutions which is given
by up = tanh(r)e’’. By returning to the original variables, the dark polaritonic soliton
solution is given by the relation Qg = Uexp(iKox), which can be further expressed as

follows:

£ 1/2
1 (K
QP _(WQ) tanh 2Zp ¥ (5.16)

P iﬁ_i)

To\' Vg
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Figure 5.3: The spatiotemporal dynamics of the bright polaritonic solitons within the EIT
transparency window, in the proposed structure as a function of distance and time. (a)The
evolution of the probe field intensity |E§/U0|2 as a function of x/Lp and T/Ty. (b) The 2D
contour plot of the bright polaritonic solitons corresponding to (a) for the following parameters:
8.=3 MHz, Ty =10 ps, Q. = 2y21, 0, =3.19 x 10'5 Hz.

For the dark polaritonic solitons, the corresponding electric fields is given by the expres-

sion

ED ! [ Kovkp=sip Jeant] (5.17)

P i311To

h (K’2
W

2
T) tanh

1 X
—(t-=]
To Vg
The propagation dynamics of the dark polaritonic soliton is numerically investigated by

taking the initial condition is taken as E? (0,8)/Uy = tanh (T/To)exp(iT/T). Figure 5.4
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Figure 5.4: Excitation and propagation of the dark surface polaritonic solitons in the planar
plasmonic waveguide structure. (a) The evolution of the probe field intensity IE? /UOI2 as a
function of x/Lp and T/Ty along with (b) the corresponding contour map.

depicts the evolution of the dark polaritonic solitons in the proposed system. Similar to
the case of the bright polaritonic solitons, the initial pulse retains its shape and amplitude
for a long distance in the case of the dark polaritonic solitons as well, resulting in the
stable propagation of the pulse in the proposed system. Such undistorted propagation of
these polaritonic solitons can find immense applications in communication in the optical

regime.
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5.5 Surface polaritonic Akhmedeiv breathers

The standard NLSE, described by Eq. (5.12), can assume other exact solutions which are
periodic in { and 7 [183]. The Akhmediev breather is one such solution, and it is given by

the expression

2[1-2a]cosh(b() +ibsinh(b{) ;.
+ e

=1 (5.18)
¢ V2a cos(Q7) — cosh(b()
Then, we have
QﬁB —Uo|14+ 2[1 —2a]cosh(b{) + ib sinh(b{) ei[K}JHLLD] (5.19)
V2a cos(Q71) — cosh(b()

Returning to the original variables we get

[1-4a]lcosh(bx/Lp)+ v2a cos(QQT/T¢)ib sinh(bx/Lp) i[Kox+%]
e

Q4B(x, T)=U,
P 0 V24 cos(QT/To) - cosh(ba/Lp)

1+

(5.20)

where a is the modulation parameter, Q = 2v/1 —2a is the spatial modulation frequency
and b = v/8a(1— 2a) is the parametric gain coefficient. T = n/v/1 — 2a’ is the time period of
the periodic pulses. The evolution and propagation of the surface polaritonic Akhmediev
breathers in the planar plasmonic waveguide structure for different values of a, is
depicted in Fig. 5.5. In order to have a physical understanding of the evolution of the
surface polaritonic Akhmediev Breather, we can assume the initial SPs to be a plane
wave (corresponding to a = 0) which evolves into a significant pulse shape due to the
parametric gain coefficient. As a result the SP’s amplitude gets significantly amplified
by a growth factor of b. With further modulation of the instability, the amplified SP’s
evolves into a train of periodic pulses along the time axis with a period of 7. Hence,
the first-order surface polaritonic Akhmediev breathers can be potentially excited and
propagated in this waveguide.

The dynamics of the surface polaritonic Akhmediev breather in the proposed structure
depends strongly on the modulation frequency. Here, for 0 <a < 0.5, it is evident from
Fig. 5.5 that the separation between the adjacent peak intensities increases with the
increase of a. By taking realistic values of the modulation parameter as a = 0.25 (see
Figs. 5.5(a), (b)), we can obtain maximum peak intensity with a time-period T' = 1.4,
and 2 =1.41, b = 1. Figures 5.5 (c) and 5.5(d), represent the breather propagation for
the modulation parameter, a = 0.4 with T'=2.2371, 2 =0.89 and b = 0.8. It is observed
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Figure 5.5: The dynamics of the surface polaritonic Akhmediev breathers in the planar plasmonic
waveguide structure. (a) The evolution of the probe field intensity IQ?B /Uol2 as a function of x/Lp
and T/Ty along with (b) the corresponding contour map. Here, we have used the parameters
a =0.25,Q =1.41, and b = 1.(c) The evolution of the surface polaritonic Akhmediev breathers
along with its (d) corresponding contour map for the parameters a = 0.4, Q =0.89, and b = 0.8. (e)
The Peregrine soliton along with its (f) corresponding contour map.
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that the spatial width of the individual pulse increases with increasing value of the
modulation parameter while the temporal width of the pulses decreases with an increase
of the modulation parameter. Finally, for a limiting case of a — 0.5, there is a significant
spatial and temporal localization of the pulse leading to an increased localization of peak
intensity. This spatiotemporally localized pulse is the so-called Peregrine soliton which
is depicted in Figs. 5.5(e) and (f). Hence, a stable propagation of the surface polaritonic
Akhmediev Breather is possible in the structure with judicious choice of parameters. The
effective localization of these surface polaritonic breathers can lead to the generation of

extremely short pulses in such coupler-free planar plasmonic structure.

5.6 Conclusion

In conclusion, we investigate the excitation of surface polaritonic solitons and breathers
in a coupler-free planar plasmonic waveguide structure comprising of a transparent
layer, a metal layer and a three-level lambda-type atomic medium. In the linear regime,
it is observed that the coupler-free excitation of SP resonances is possible in the proposed
structure. Further, a giant Kerr nonlinearity is achieved in the system as a result of elec-
tromagnetically induced transparency in the bottom atomic layer, which can be controlled
through proper modulation of the parameters of the driving laser fields. The self-phase
modulation caused by the Kerr nonlinearity balances the group velocity dispersion in the
system hence providing the necessary condition for the excitation of surface polaritonic
solitons within the narrow transparency window of the electromagnetically induced
transparency. It is observed that the system yields laterally self-trapped bright and dark
surface polaritonic solitons which is tightly guided at the interface of the metal and the
EIT medium. Finally, we show that a stable propagation and an effective localization
of the surface polaritonic Akhmediev breathers can be achieved with proper choice of
parameters in the proposed planar plasmonic waveguide structure. This study can be
significant in the development of highly compact nano-optical and photonic devices in

the optical regime.
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CHAPTER

SUMMARY AND FUTURE WORK

n this thesis, we have discussed different aspects of the electromagnetically induced

transparency (EIT) phenomenon such as tunable transparency window, steep

dispersion and enhanced nonlinearity in the context of terahertz metamaterials
(MMs) and planar plasmonic waveguide structures. In chapter 1, we introduce EIT
effect and present a comprehensive literature survey of this effect, and its significance at
optical and terahertz frequencies. In chapter 2, we discuss plasmon induced transparency
(PIT) effect in a coupled terahertz MM whose meta-atom comprises of two C-shaped (2C)
resonators placed alternately on both sides of a cut-wire (CW) structure. Modulation
of the PIT transparency window is achieved by varying the horizontal displacement
between the CW and 2C structures. As the horizontal displacement is increased, the
transparency window becomes narrower in the proposed MM structure. In order to
corroborate our numerical observations, a simple equivalent circuit model using coupled
oscillator theory is discussed. We establish that the PIT effect in the proposed MM occurs
due to capacitive coupling between the CW and the 2C resonators. We further discuss a
polarization independent PIT effect in a terahertz MM configuration that comprises of
an array of cross-wire and four C-shaped (4C) resonators. Simulations reveal that an
identical transmission response could be achieved through this new MM geometry for two
orthogonal polarizations of the incident terahertz beam, which indicates a polarization
independent PIT behavior in the structure. For this geometry, the transparency window

is modulated by displacing the C-shaped resonators diagonally with respect to the cross-
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wire. The transparency window gets narrower as the resonators are displaced away from

the cross wire due to a decrease in the coupling strength.

In chapter 3, the PIT effect in a near field coupled terahertz MM structure comprising
of an array of graphene strips and a pair of graphene split ring resonators (SRRs) is
discussed. The PIT in the proposed configuration occurs due to the destructive inter-
ference of the resonances from the graphene strip and the graphene SRRs. The PIT
effect in the MM structure is modulated by varying the vertical displacement as well as
horizontal displacement of the graphene SRRs with respect to the graphene strip. As the
graphene SRRs are displaced in the vertical direction, it is observed that the PIT effect
vanishes for a configuration when the centers of the SRRs are collinear to the center of
the graphene strip. In the case of horizontal displacement, it is observed that the PIT
transparency window becomes narrower due to reduced coupling between the graphene
strip and graphene SRRs. Further, the PIT effect is studied for different values of Fermi
energy of the graphene material. The PIT transparency window exhibits a blue shift
as the Fermi energy gradually increases from 0.4 eV to 0.7 eV, establishing a dynamic
tuning capability of the proposed MM structure. Finally, an analytical model based on
a three-level plasmonic system is discussed to elucidate our numerical findings. The
transmission results obtained using the analytical model is in good agreement with the

numerical results.

In chapter 4, we discuss dual-band electromagnetically induced transparency (EIT)
effect in a planar terahertz MM structure, comprising of an inner circular split ring
resonator (CSRR) concentrically coupled to an outer asymmetric two-gap circular split
ring resonator (ASRR). The MM structure exhibits the effect as a result of coupling
between the resonant mode of the CSRR and the EIT response of the ASRR. Modulation
of the dual-band EIT effect in the MM structure is achieved by varying the rotation
parameter of the CSRR structure. The coupling behavior in the proposed MM structure
is modified through an in-plane rotation of the CSRR structures. We show that a gradual
orthogonal rotation of the CSRR leads to the vanishing of the dual-band EIT effect in the
MM. Modulation of the effect is further achieved by gradually varying the asymmetry of
the outer ASRR as well as the size of the inner CSRR. It is observed that the dual band
EIT effect becomes more prominent as the asymmetry parameter is increased, while a
red shift is experienced by the second transparency region as the size of the inner CSRR

is increased. Finally, a theoretical model based on a Four-Level Tripod system explaining
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the coupling behavior in the proposed MM structure is discussed.

In chapter 5, we discuss a coupler-free scheme for the excitation of surface polaritonic
solitons and breathers in a planar plasmonic waveguide structure based on the EIT
phenomenon. The proposed structure comprises of a transparent layer, a metal layer
and a three-level lambda-type atomic medium. A giant Kerr nonlinearity is achieved in
the system as a result of EIT in the bottom atomic layer, which is controlled through
proper modulation of the parameters of the driving laser fields. In the proposed scheme,
the competition between the normal dispersion and Kerr nonlinearity yields laterally
self-trapped polaritonic solitons which is tightly guided at the interface of the metal
and the EIT medium. Within the narrow transparency window of the EIT effect, the
excitation of surface polaritonic breathers is also discussed. Further, we discuss a stable

propagation of the surface polaritonic solitons and breathers in the proposed structure.

Future aspects

The EIT effect in terahertz MMs and plasmonic structures has proven to be a promis-
ing area of research due to its abundant applications in the development of devices. For
instance, the tunable transparency window achieved in the PIT effect in the terahertz
MM structures can be significant in designing devices for a range of applications in the
broadband [103, 104] as well as narrowband regime. For a strong coupling between the
resonant structures, the coupled MM structure exhibits a broad transparency window,
which eventually gets narrower with the reduction of coupling between the resonators. A
narrow transparency window indicates a steeper dispersion which can be exploited for
tailoring slow light devices in the terahertz regime [94, 109, 157]. For most applications,
a strong response is essential irrespective of the incident polarization. Consequently, the
polarization independent PIT behavior achieved in our study enhances the efficiency
of the devices and can lead to the development of devices for polarization independent
broadband, slow light and sensing applications. The dynamic tunability achieved in
the case of the graphene based terahertz MM can be significant in the realization of
frequency agile actively tunable devices [105, 159]. The narrow region of absorption asso-
ciated with the dual-band EIT effect in our study could be exploited for the development
of narrowband absorbers. Also, the double tunable transparency region of the dual-band
EIT effect can be significant in the development of multiband slow light devices [115].

Finally, the coupler free scheme for the excitation of polaritonic solitons and breathers
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can be of great significance for the development of highly compact photonic structures
[78]. The shape preserving polaritonic solitons achieved in the scheme can find immense

applications in optical communication and related devices.

Benefitting from the rapid advancement of fabrication techniques and the numerous
accessible simulation tools, new experimental demonstrations and theoretical studies
are coming up, to explore the possibility of realizing various applications of the EIT effect
in terahertz MMs and planar plasmonic waveguide structures. For instance, there is
a possibility of exploring the dynamic tunability of dual-band EIT effect in graphene
based MM structures which would have tremendous applications in the development
of actively tunable multiband devices in the terahertz frequency regime. A polarization
independent dual-band EIT effect in terahertz metamaterials can be possibly explored
for the development of polarization independent narrowband absorbers, polarization
independent multiband slow light devices. Furthermore, the excitation of polaritonic
solitons and breathers can be possibly explored in the context of terahertz MMs. There-
fore, in view of the recent trends in this area of research, there are endless possibilities
in exploring the potential applications of the EIT effect in terahertz MMs and planar

plasmonic waveguide structures.
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