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(164:32))

Verily, in the creation of the heavens and the earth, and in
the alternation of the night and the day, and in the ships
(and vessels) which sail through the ocean carrying cargo
profitable for the people, and in the (rain) water which
Allah pours down from the sky, reviving therewith the
earth to life after its death, and (the earth) in which He has
scattered animals of all kinds, and in the changing wind
directions, and in the clouds (that trail) between the sky
and the earth, duty-bound certainly, (in these) are (many)

signs for those who put their reason to work.

(Al-Bagarah : 164)
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Abstract

Study of the optical characteristics of materials, objects and geome-
tries has wider role and applications in science and engineering.
Reflection and transmission coefficients are used to study the opti-
cal properties of planar geometries and usually S and P-polarized
electromagnetic waves are used. Primary aim of the presented work
is to study the reflection and transmission of second harmonic gen-
eration in non-integer dimensional environment. Three types of
planar interface geometries are considered one by one in order of
increasing complexity. First is nonlinear dielectric magnetic—linear
dielectric magnetic noninteger dimensional (NID) planar interface.
The second one, linear dielectric magnetic—nonlinear dielectric mag-
netic NID planar interface and the last is linear dielectric magnetic
NID-nonlinear dielectric magnetic NID planar interface. Special
cases are also produced taking negative values of the permittivity
and/or permeability. Nonlinear materials considered in the study
are of second harmonic generation type, hence only second order
reflection and transmission characteristics are noted and analyzed.
Slowly varying amplitude approximation is used to obtain the so-
lution of the nonlinear wave equation. Furthermore, all the NID
materials taken in this study have noninteger dimension in only
one direction which is normal to the planar interface.

Impact of the presence and absence of non-linearity and/or NID
on the behavior of the coefficients is noted. It is noticed that im-
pact of non-linearity on the coefficients is dependent on how the
NID environment is used in a particular geometry. For instance,
in case of a linear ordinary—nonlinear NID interface, S-polarized

coefficients increases with increase of the non-linearity. Whereas,



anti-reflection property is achieved for S-polarization excitation for
linear NID-nonlinear NID medium interface. On the other hand,
for linear ordinary—nonlinear NID interface, amplitude of the P-
polarized transmission (reflection) coefficient increases (decreases)
as the value of nonlinear permittivity increases. For both excita-
tion polarizations, amplitude of the coefficients increases by taking
smaller values of the noninteger dimension in all cases. It is also
studied that dimension of the NID medium, nonlinear permittivity
and nonlinear permeability are used to control the behavior of the

coefficients.
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Chapter 1

Introduction

1.1 Linear optics

Primary aim of the presented thesis is to investigate the impact of the non-
linearity and noninteger dimensions on the behavior of the second order re-
flection and transmission for a dielectric magnetic—dielectric magnetic (DM-
DM) interface. Non-linearity and noninterger dimensions are considered in
one and/or both half spaces in this regard. To develop the foundation for the
nonlinear optics, initially wave equation and the poynting vector for a linear
medium are discussed. This initial discussion helps the reader to understand
the linkage between the linear and nonlinear optics. Moreover, the poynting
vector discussion also elaborate how the electromagnetic energy is related in
linear and nonlinear materials.

The Maxwell’s equation to derive the solutions of the wave equation for a lin-

ear medium are,

V-D=p (1.1a)

V-B=0 (1.1b)
0B

VxH=J+2P (1.1d)

ot



2 Introduction

In the above equations, the four vector quantities which are also known as
electromagnetic fields, are: the electric flux density D (C/m?); the electric field
strength E (V /m); the magnetic flux density B (Wb/m?) and the magnetic field
strength H (A/m). Where, J (A/m?) and p (C/m?) are the current density
and the electric charge density, respectively. Both these quantities represent
the sources of the electromagnetic fields. The Maxwell’s equation Eq.(1.1a)

corresponds to the differential Gauss’s law. Integral of this equation,

?{ D.dS = }[ 0.dV,

states that the net electric flux over a volume V bounded by a surface S is equal
to the total charges enclosed by that surface. The Eq.(1.1b), is the magnetic
analogue of Eq.(1.1a). Integral of this equation,

7{ B.dS =0,
S

states that magnetic monopoles do not exist.
The Eq.(1.1c), is “Faraday’s law of induction”. Integral of this equation,

/(v x E).dS = 7{ gdl = — [ 2Bas,
s C s ot

states that the electromotive force (§. E.dl) induced in a loop is equal to the
time rate of change of the magnetic flux passing through the area of the loop.
The negative sign on the right hand side is due to the Lenz’s law which stats
that the induced emf always opposes the magnetic field’s variation.

Eq.(1.1d), is the Ampere’s law. Integral of this equation,

7{ mai— [ 2P as ¢ / J.dS, (1.2)
c s ot S

states that the line integral of the magnetic field around a closed loop is equal
to the net current passing through the surface of the loop.
Constitutive relations of a material define how the flux and fields are related

to each other. For an isotropic and homogeneous medium, the constitutive



3 Introduction

relations are defined as,

D = ¢E + P, (1.3a)
B = uH, (1.3b)

where €, it and P, are the relative permittivity, permeability and polarization
of the medium, respectively. Permittivity (also known as dielectric constant)
determines the ability of a medium to store the electric energy. Similarly, per-
meability defines the formation of the magnetic field lines (magnetization) in
a material. Materials permittivity is related to capacitance while permeability
relates to the inductance. It is important to note that mathematical modeling
discussed in later chapters, contain two parts of the permittivity: linear and
nonlinear. Linear part corresponds to the permittivity observed at fundamen-
tal frequency whereas, nonlinear part corresponds to the permittivity observed
at second harmonic frequency. Hence, all the wave vectors related to the inci-
dent electromagnetic waves contain the linear part whereas, the wave vectors
of the second harmonic reflected and transmitted fields contain nonlinear part
of the permittivity.

Polarization of the medium determine its optical properties. Generally, polar-
ization is expressed in the form of power series,

P, = PN 4 P2 PO (1.4)

This series is expressed for time harmonic polarization of the form e~/“f, which
is suppressed throughout this thesis for simplicity. In Eq.(1.4), superscripts (.)
represent the order of the polarization, written below as [1],

PO (1) = eox VE(t)
PO (1) = e, xVEN(E), =23, (1.5)

It is worth mentioning that first order susceptibility (x(!)) is related to the lin-
ear optics whereas the higher order susceptibilities are related to the NL optical

effects. First order susceptibility is also known as linear susceptibility, which
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is of the order of unity. In the presented study NL mediums with only second
order susceptibility (x'?)), are taken into account. Therefor in mathematical
modeling, only second order polarization (P(?)) is used and is written as ‘P’
for simplicity. It is important to note that if transmitted wave is propagating
in a nonlinear medium then P(2) = ¢, X(z) TzEg, where, E, and is the amplitude
of the excitation electromagnetic wave and T is used to represent the transmis-
sion coefficient. This expression shows that induced nonlinear polarization

will behave as a source for electromagnetic waves.

1.1.1 Linear wave equation

This section is devoted for the general solution of the wave equation for the
linear medium. Curl of Eq.(1.1c) is given as,

JB d
VXVXE:—ngz—yg(VxH) (1.6)

Using Eq.(1.1d) and applying the vector identity,

VxVxA=V(V.A) - V?A, (1.7)
Eq.(1.6) becomes,
V%E = — GBZ_E (1.8)
AT '

Eq.(1.8), is the general wave equation of electric field for linear medium. Simi-

larly wave equation for the magnetic field is,

2 _

1.1.2 Poynting’s theorem

It is well established that electromagnetic wave propagation is transverse in
nature, i.e; electric and magnetic both fields are transverse to the direction of
propagation. To calculate the net power, the general form of the electric and
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the magnetic fields associated with a wave propagating in the z direction is,

E=Ex+Ey +E,
H=H,+H,+H,

Substituting above equations in Eq.(1.1a), and using the definitions of the con-
stitutive relations for a linear source free medium (J = p = 0), one can find
that, E, = H, = 0, i.e; there is no component of electric and the magnetic field
parallel to the direction of propagation. Moreover, it is interesting to note that
E x H has a units of W/m?, i.e; power per unit area. This product is known as
poynting vector. The average incident (S;), reflected (S;) and transmitted (S)
powers for an electromagnetic wave propagating in the z-direction, derived by

Balanis [2] are written below as,

;| E,|?
S; = 1.11
= (1.11a)
S, = —d|R|?S; (1.11b)
A T2 2
St = % (1.11¢)
21’]2

Fluck and Giinter [3] originally developed the theory of nonlinear cascade
crystals. This theory is applicable under the assumption that fundamental
beam’s depletion is negligible. This means that the phase and magnitude of
the fundamental beam do not change due to the nonlinear interactions. It is
also established that the power of the second harmonic wave (P,,) is related

to the power of the fundamental wave (P,,) by the following relation [4],

P, = Py, tanh*\/¢P,, (1.12)

It is important to note that this relation is not valid for strictly focused beams.
Moreover, this relation does not take into account the thermal effects. The
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expression of nonlinear conversion efficiency ‘(¢)" has been derived in [5],

Above expression is derived for a nonlinear crystal having length “L”, nonlin-
ear coefficient “d”, and the amplitude of the incident electromagnetic field is
E,. Moreover, it has also been established that the nonlinear conversion effi-
ciency is << 1 [4].

Results presented in this study converges to the simpler cases ([1, 6]) by taking
integer dimension and positive values of the permittivity and permeability.
Moreover, in the next chapters, sum of the reflected and transmitted powers
(Pr + P;) are plotted by using, Eq.(1.11) and Eq.(1.12) for the verification of the
analytical results. It is important to note the only powers carried by the second

harmonic reflected and transmitted waves are plotted.

1.2 Nonlinear optics

1.2.1 Second harmonic generation

Optical frequency conversion (also known as harmonic generation) is an im-
portant topic in nonlinear (NL) optics, since past decade. This field describes
how the light-matter interaction changes, when the material’s polarization
(Eq.(1.4)), responds non-linearly to the excitation laser beam. Nonlinear optical
(NLO) theory remained unexplored until Frank et al. [7] reported an experi-
mental study in 1961. A red light ruby laser beam (694.2 nm) and a quartz crys-
tal, was used in this experiment to generate an UV wavelength signal (347.1
nm) [8]. This discovery was given the name “second harmonic generation”
(SHG), because a twice frequency signal was generated corresponding to a
fundamental frequency. After the discover of SHG, Bass et al. [9] discovered
the optical rectification in 1962, by using an induced quasi static polarization.
The discovery of SHG also paved the way for the discoveries of the higher
harmonics, for example; in 1967, New and Ward reported the observation of
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the third harmonic generation in gases [10] and in 1976, Reintjes et al. experi-
mentally demonstrated the fifth harmonic generation [11]. After the Franken’s
discovery, NL materials has been studied and prepared widely due to their
frequency and phase shifting properties [12, 13], as well. Among these ma-
terials organic materials were especially synthesized for different applications
including: optical switching, information storage, telecommunication, signal
processing and photonics [14-20], due to their fast response timing, structural
flexibility and ease of manufacturing.

Now a days, there are two primary aims of the SHG generation, one is the effi-
cient conversion of a fundamental frequency (w;) signal to twice harmonic (ws)
frequency. Whereas, the other is related to the production of such wavelength
sources which are difficult to achieve by using ordinary lasers [21]. However
some physical constraints were reported in the experimental studies. First is
related to the operating wavelength and the second is to achieving perfect
phase matching across the interface. Phase matching condition is required
to constructively accumulate the NL energy at the microscopic region. Tra-
ditionally, this was achieved by enhancing the source intensity and the device
size. Hence different devices and theoretical approaches have been reported
to achieve the target, and still the researchers are trying to overcome the phase
matching requirement and improvement in the device size [22-26].

Initially, metallic meta-surface devices (having second-order non-linearity), were
reported to study the SH waves behavior [27], but the higher losses of metallic
structure, limited the use of such devices. This causes the emergence of III-V
semiconductor materials, possessing second order non-linearity and the crys-
tals are also of noncentrosymmetric nature, for example; GaAs, AlGaAs and
GaP [28-31]. Researchers also used Mie resonance theory to study the SH ef-
fects of the above mentioned semicondusctor materials, but the narrow bnad
gap of these materials limit the SH spectral range [32]. Because of these all
issues, fabrication of a new NL device for SHG application is still an impor-
tant topic. The study of SHG is also important in numerous other fields: bio-
photonics, optical sources, quantum information, hybrid plasmonic waveg-
uide [33-39], and also in epsilon near zero meta-surfaces, electromagnetics, an-

gular and quasi phase matching [40—46], and many other fields as well [1, 47—
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49].

1.2.2 Nonlinear wave equation

In nonlinear optics, coupled nonlinear wave equation is derived under the

following assumptions [5],

* The nonlinear coefficient is nonzero, this implies that medium has certain

symmetry.
* Conductivity of the medium is negligible.
* A fraction of the incident power is converted to new frequency (ws).

Nonlinear wave equation is derived by using Eq.(1.1), Eq.(1.3) and Eq.(1.4),

written as

10°E(ws) 1 %P
2 o2 g, o2

V XV x E(ws) + (1.13)
where ¢, €, and y, are the physical constants which defines the speed of light,
permittivity and permeability of free space, respectively. It is interesting to
note that the presence of last term, Eq.(1.13), shows an inhomogeneous solu-
tions, whereas in the absence of this term, Eq.(1.13) admits the linear solutions
(homogeneous). It is important to note that in linear optics V.E = 0, but, in
NL optics, usually the term V.E is not small to be ignored [50]. To eliminate
this term usually different approximations has been used. A commonly used
approximation is slowly varying amplitude approximation [6] as discussed in
Sec.1.2.3. Under this approximation there is no contribution of V.E term, so
the vector identity Eq.(1.7) is applied. By applying the vector identity under
the SVA approximation, Eq.(1.13) reduces to
1 9°E(ws) 1 9’°P

2 —
V7E(ws) — 2 o7 e (1.14)

This equation is a general form of the nonlinear wave equation.
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1.2.3 Slowly varying amplitude (SVA) approximation

It is experimentally demonstrated that phase matching condition across the
interface is necessary to achieve high frequency conversion efficiency [51]. In
phase mismatching condition, poynting vector of the inhomogeneous wave
do not move parallel to the propagation vector, and the wave walk-off ear-
lier which imposes limitations on the NL frequency conversion and ultimately
overall efficiency. This is also termed as angle tuning [52]. Phase matching
conditions are often difficult to achieve because of the dispersive nature of ma-
terial’s permittivity which becomes negative for some NLO materials, for ex-
ample, Al:ZnO and Sn:InO [53]. Hence, the waves propagating through such
materials has purely imaginary wave vectors. This sign specification corre-
sponds to the NL polarization, that results in real to complex valued wave
vectors in NL medium. Paul Kinsler [54] supports the idea of positive and
negative wave vectors. Nonlinear responses of KDP and DKDD, is studied ex-
perimentally by Duanliang et al [55]. Furthermore, it is also reported that the
refractive index of a NL material is also dependent on crystal direction [56].
Strong practical and theoretical evidences show that the phase velocity in a
NL material can be real or complex or just purely imaginary.

Phase mismatching discussed above is expressed as Ak = ks — 2k;, where
ks and k; are the wave vectors of the inhomogeneous and homogenous solu-
tions of Eq.(1.14). Hence, perfect phase matching (Ak — 0) is achieved when
ks=2k;. Varying techniques and geometries has been reported by researchers
to achieve the perfect phase matching condition: e.g; epsilon near zero inter-
faces [40, 41], angular and quasi phase matching techniques [37, 42]. In the pre-
sented work slowly varying amplitude (SVA) approximation is used to achieve
quasi-phase matching condition [1, 6, 57, 58]. This approximation requires that
the fractional change in amplitude ({) over a distance of an optical wavelength
should be very small [59, 60], as written below

g
dz2

g

dt?

dg
oy

7

w%

<<
dt
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By using this approximation, higher order derivatives of the NL wave equa-
tion is neglected. The SVA approximation, can be also observed in III-V semi-
conductors [61]. This approximation also has importance in short-wavelength
generation and parametric oscillation [62, 63]. In [64, 65] authors also used
this approximation to study the electromagnetic response due to second order

non-linearity.

1.3 Fractal materials

Generally, the space time dimensions are taken to be integer dimensions. Which
are commonly known as Euclidean space and is used to explain the Cartesian
geometries. But, some naturally occurring situations, like coastlines and crys-
tals, are not regular /Euclidean geometries. Such geometries are treated as frac-
tal materials/structures. Fractal structures are mathematically treated by using
the non-differential Fractional calculus, which is also used for the description
of the complex phenomena because classical euclidean theory become invalid
[66], e.g, in classical mechanics, diffusion of water molecules were treated as
continuous Brownian motion but, experimental studies revel that it follows the
flick law [67] which is a fractal phenomena.

Mandelbrot initially coined the term fractal in his book [68]. He divided the
materials into two broader categories, fractals and non-fractals. Fractal mate-
rials are self similar structures in miniature [69], whereas the parameter which
defines the structural details of a fractal material is known as dimension (D)
of the fractal material [70] which is usually in whole number powers, for ex-
ample; for soil particles D ranges between 2 and 3, for Von Koch snowflake
(Sierpinski triangle) scale is D = 1.585 (D = 1.262), whereas a surface and an
uneven line has D = 2.2 and D = 1.3, respectively [71-73]. Menger sponge is
also an example of fractal structures [74], which is a three dimensional cantor
bar fractal [75]. Study of fractal materials has also been reported in soil erodi-
bility, quantum mechanical oscillator system, antenna radiation problems, mi-
crowave, THZ resonators, high gain antennas and lasers [76-82]. In [83-85]
authors studied the electromagnetic response of a fractal material, whereas,

researchers also report the importance of fractal materials in optical scattering,
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multilayer analysis of optical structures, transmission lines and wave scatter-

ing from rough surfaces [86-89].

1.3.1 NID space and fractal materials

It was reported that fractal materials are NID metric sets (as can be seen from
above examples, fractal materials has non-integer dimensionality), which can
be managed in continuous model with the help of NID space [90], fractal ma-
terials are also reported as NID materials in the literature [91], because NID
space is the main characteristics of the fractal material [92]. In [93] definition of
the NID Laplacian operator has been proposed which was used by Palmer and
Stavrinou [94] to study the equation of motion. The NID half-space geometry
were also treated to study the electromagnetic scattering [95], charges distribu-
tion and material’s optical properties [96, 97]. In [98] derivation of the solutions
of the NID Helmholtz’s equation are given. Abbas et al. [99] discussed the
NID half-space geometry by using the two dimensional Green’s function [100]
and Jaggard et al [101] reported the NID material wave interaction, whereas
side-lobe-ratio in antenna array were studied in [102-104] and multiband NID
array is reported in [105]. It was also reported that NID integrals and deriva-
tives played an important role in many applications of physics [106]. Some
other important applications of NID are found in statistical mechanics [107],
electromagnetic theory [108, 109], kinetic theories [110] and dynamics in com-
plex media [111].

The proposed definition of the NID Laplacian operator is written as [112],

, 0% B1—10 9?* B—10 3 Pp3—10

Vb= gat Ty ety w2z o

where
ﬁu:0<’3u§1: u:{1,2,3},

define the coordinate (x, v, z) measurement and is also used to define the geo-

metric dimensionality: D = B1 + B2 + B3. Similarly the curl operator for NID
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space is defined as [97, 112],

Vo X F = <%+1M> . <5Fy+1<ﬁs—zl)Fy>

=

dy 2y 0z 2
((0F. 1(Bs—1E\ (0E  1(—-1E)\],
<Bz +§ z gdl_i X Y
[ (9F, 1(B1—1)F, OF, 1(Bo—1)F\ |,
(WWT w2y )|°

Following the procedure of MSV in NID space as outlined in [97, 100, 112], elec-

tric field associated with the incident electromagnetic wave in NID medium is

expressed as,
E(w) = Epe /b (kzz>01H£12) (k.2) (1.15)

In Eq.(1.15), E, and k depict the electric field’s amplitude and the wave number
of the NID medium, respectively. and Hélz) is the hankel function of second
kind with order ‘0;”. Moreover, it is also important to note that to derive the
above it has been assumed that medium has noninteger dimension in only

Z-axis.

1.4 Motivation and objective

As discussed in previous chapter, perfect phase matching conditions are nec-
essary to obtain maximum frequency conversion efficiency. For this purpose
NL materials specifically having uni-axial or bi-axial properties has been pro-
posed. Later, the advancement in optical materials provided the ease of NL fre-
quency conversion without requiring strict phase matching conditions [113].
For example, meta-surfaces and nano-particles were used to study SHG phe-
nomena [114-119] because these new proposed devices provide better power
conversion efficiencies without requiring the strict phase matching conditions
[120, 121], whereas dielectric and semiconductor materials has also been used
to obtain higher NLO efficiencies due to their negligible intrinsic losses [122-
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124]. Due to these advantages, dielectric and semiconductor materials trig-
gered the interest of many researchers for technological applications of har-
monic generation [125-128]. Various applications like beam steering, zero-
index directional emission, Huygens’ metasurfaces, ultrathin waveplates, and
polarization insensitive holograms has been reported in the literature [129-
136] due to the advancement in nonlinear semiconductor technology. How-
ever, due to the infancy of this field, two targets must be fulfilled in this re-
gard. First: achieving conversion efficiencies at higher frequencies, e.g, very
small efficiencies of the order of 107210~ are used for fluorescent markers in
bio sensing. In [137] SHG efficiency of the order of 10~2 is predicted by using a
nano-structure composed of AlGaAs. Secondly, the second harmonic genera-
tion pattern. This target helps to properly direct the radiations into the desired
direction. For example, in [137] it is reported that despite of strong SHG effi-
ciency, no SH signal was detected in either forward or backward directions.

As mentioned in above paragraph, maximum frequency conversion efficiency
can be achieved by using, dielectric materials with second order susceptibil-
ity (x(?)) and the crystals are also of non-centrosymmetric nature. This help to
achieve conversion efficiencies at higher frequencies (first target) but to achieve
the target of radiation pattern, it was proposed that NL materials should be
embedded or used in combination with other materials [138]. To achieve these
targets, I used planar interface geometries containing linear-nonlinear materi-
als: for example; second order NL dielectric magnetic medium and linear di-
electric magnetic NID material. Hence this study not only improve the under-
standing of NLO process and SH field enhancement, rather also highlight the
opportunities of NL frequency conversion without requiring the strict phase
matching conditions. Further, presented study can also be used for the study
of the higher harmonics and can also be extended for complex layered geo-
metrical device. Although presented study is largely focused on the naturally
occurring nonlinear crystals, but this can also be extended for the NL meta-
surfaces in future. Some other potential medical applications of the presented

work are also given at the end of this thesis.
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1.5 Thesis outline

The primary aim of presented work is to study the optical characteristics of
a dielectric magnetic-dielectric magnetic (DM-DM) interface geometry, in the
presence of non-linearity and/or noninteger dimensions, for both S and P-
polarized excitations. Three different scenarios are considered in this regard.
In the first case, contributions of the non-linearity and noninteger dimensions
are added to different half spaces, i.e; nonlinear DM-linear DM noninteger di-
mensional interface (I*). The derivation and results of this study are presented
in chapter 3. In the second considered case non-linearity and noninteger di-
mensions are incorporated in the same half space, i.e; linear DM-nonlinear
DM noninteger dimensional interface (I b). The derivation and results of this
study are presented in chapter 4. In the last considered scenario, optical charac-
terisctisc are studeid when non-linearity and noninteger dimension are added
simultaneously in both half spaces, i.e; linear DM noninteger dimensional-
nonlinear DM noninteger dimensional interface (I°). Derivation and discus-
sion of this case are given in chapter 5. All planar interface geometries are
defined in such a way that first part of the planar interface geometry corre-
sponds to the excitation side. Moreover, first part of every chapter is devoted
to the S-polarized excitation results and the second part is devoted to the P-
polarized excitation results. Diagrammatic description of the considered cases
is given in Fig.1.1 and a tabular outline of the research work presented in this
thesis is given in Table.1.1.

For simplicity, all the physical constants considered in chapter 3 (related to I?),
chapter 4 (related to I’) and chapter 5 (related to I) are represented by using
a superscript ‘a’, ‘b’ and c’, respectively. Hence, €7, e’ and € are linear permit-
tivities taken in respective chapters. Similarly, 1%, u? and u¢ represent the re-
spective nonlinear permeabilities, and ¢ , u? and u¢ are the respective perme-
abilities of the half spaces in which transmitted wave propagates. Plots given
in this thesis are obtained by taking fundamental frequency (= w;) = 1 x 10'°
rad/s, nonlinear condensed material with X<2>(2wi) ~ 6.94 x 10712 and ¢, is
taken €,(1 4 x@) [1].



Chapter Excitation Electromagnetic Planar Interface Special Cases Unknown Coefficients Symbols
No. Wave Taken Geometry
S-Polarization | P-Polarization Left Half Space Right Half Space Left Half Space S-Polarized Coefficients;
Medium Medium P-Polarized Coefficients
3 v v Nonlinear Dielectric | Linear Dielectric Nonlinear Epsilon Negative, AR AT,
Magnetic Magnetic NID Nonlinear Mu Negative A‘Ir, Aﬁ
4 4 v Linear Dielectric | Nonlinear Dielectric Linear Epsilon Negative, BR,BT;
Magnetic Magnetic NID Linear Mu Negative Bf, Bﬁ
5 v v Linear Dielectric Nonlinear Dielectric | Linear Epsilon Negative NID, Cf, CI ;
Magnetic NID Magnetic NID Linear Mu Negative NID Cﬁ, cl

Table 1.1: An outline of the thesis
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Figure 1.1: Diagrammatic representation of the work carried out in this thesis.
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Chapter 2

Nonlinear dielectric magnetic and
linear dielectric magnetic NID

planar interface

This chapter is dedicated to the derivation and discussion of the reflection and
transmission coefficients from a planar interface of second order nonlinear
dielectric magnetic-linear dielectric magnetic NID medium. Nonlinear half
space is represented as ‘m;” whereas linear half space is symbolized by ‘m,’,
for simplicity. Initially the unknown coefficients for S-polarization are calcu-
lated and discussed and in the second part derivation and discussion of the
P-polarized coefficients are given. Solution of the nonlinear wave equation is
obtained by using the SVA approximation, and the wave propagation in NID
medium is modeled by using the MSV in NID space (discussed chapter 1).
Changes in the behavior of the coefficients are also reported when NL dielec-
tric magnetic medium is replaced with NL epsilon negative and mu negative
mediums. Variations in the behavior of the coefficients are also studied when
linear dielectric magnetic NID medium is replaced with the linear epsilon neg-

ative NID medium.



18 I? interface
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Figure 2.1: Second order NL dielectric magnetic and linear dielectric magnetic
NID planar interface excited by S-polarized electromagnetic wave.

2.1 S-polarization excitation

2.1.1 Description of the geometry and mathematical formula-
tion

Consider a planar interface placed at z = g, making two half space geometry as
depicted in Fig.2.1. The Half space, z < g, contains second order NL dielectric
magnetic medium which is represented by ‘m;’. Wave number of m; half space
is k¢ = /€’ (w;)w;/c. The other half space, z > g, is filled with linear dielectric
magnetic NID medium, which is symbolized by ‘m;,’. The wave number of
medium my is kf = \/ma)s/ c. In the expressions of the wave numbers,
€} (w;) and €} (ws) represent the fundamental permittivity and the permittivity
of the medium m, at second harmonic, which are hereafter written as €? and €7,
for simplicity. Furthermore, Dy (1 < D; < 2), is used to define the dimension
of the dielectric magnetic NID medium.

S-polarized plane wave (Eq.(2.1)) making an angle 6; with the normal to the

interface is used to excite the planar interface. Electric field associated with the
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incident electromagnetic wave is,
Ei(wi) — ?Eo(wi)ejk?(w,-)(xsin9,-+zcos€i) (2_1)

Solution of the nonlinear wave equation is obtained by using the SVA approx-
imation as discussed in chapter 1. This solution provides the second harmonic
reflected field as written below,

Pwszpto

ARejkﬁ(xsinGr—zcosey) +
1 2
(kg — k%)

Er(ws) =¥

pfks(x sinfs—z cos 95)] (2.2)

It is noted that this equation is a combination of homogeneous and inhomoge-
neous waves. The wave vector of the inhomogeneous wave is represented by
ks=+/€s(ws)ws/c. Transmitted field propagating in medium m,, is obtained
by using the MSV in NID space, is written as,

o ol
Ei(ws) = §AT efkixsin (k‘tZ cos 9t2> Hg) (kf cos 6;2) (2.3)

Corresponding magnetic fields associated with the reflected and transmitted

waves are,

AR
H;(ws) = (x cos 0, + Z sin 97) [—jefkﬂxsmf)r—zcosf’r)

r

+ Pwsz,uo ejks (x sin 65—z cos 65) (2,4a)
1s (k2 — kbﬁ)

AT . 0
Hi(ws) = (2 sin 6; — X cos 9t> W—je]kt sin 6y x (k‘f cos 9f2> thEf) (kf cos 6;z) (2.4b)
t

In above equations, Hgl and th are the hankel functions of second kind with

order 07 = |3_2D Ll and o, = |% |, respectively, where D is the dimension of

the NID medium. Continuity of the tangential components of the fields across
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the interface is expressed as,

2
Alj_e—jk’ﬁqcos(), + P yoz e—jkg’qcos(Js — AI_A (2.5a)
k2 — k2
Alj cos;A1 P cosOsw?ioAs _ AE cos 0;B (2.5b)
1 7s(K2 — ki?) i

Analytical solution of Eq.(2.5) provides the unknown reflection and transmis-

sion coefficients,

s (k?Z . kg)(Aétr + Bért)eftd(k’j cos 0y —ks cos 6s)

AR = 2.
1 57, (Adss + Bov) (2.62)
AT (R~ ) (8 4 5. (Ady + Bg)e M ecnt)

Wrégc(A(Sts + stst)z

In above equations, A and AT are the unknown reflection and transmission
coefficients, respectively and subscripts are used to indicate the polarization
of the incident electromagnetic wave. All definitions used to write Eq.(2.6) in
compact form are given in appendix. Moreover, the unknown angles 0;, 8; and
0, are obtained by using the NLO generalization of Snell’s law that is,

VEi(w;)sinf; = v/e,(ws) sin b, = v/€(ws) sin by = /€5(ws) sin O (2.7)

It is important to note that €; is the permittivity of the material observed at
fundamental frequency, whereas ¢;, €, €; are the permittivities observed at

second harmonic frequency.

2.1.2 Results and discussions

The unknown reflection and transmission coefficients which are derived in
previous section are discussed here as a function of €7, €f, y; (nonlinear per-
meability) and 6;. Changes in the behavior of the unknown coefficients are
studied when nonlinear epsilon negative (NL-EN) and nonlinear mu negative
(NL-MN) mediums are taken as mediums of reflection and epsilon negative

noninteger dimensional (EN-NID) medium is taken as medium of transmis-
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sion. In all these cases impact of the non-linearity and the noninteger dimen-
sion are studied separately.

In the first part of analysis, to note the impact of non-linearity on the coef-
ticients coefficients are studied for ordinary medium of transmission i.e; for
D; = 2, (Fig.2.2-Fig.2.4). In Fig.2.2, behavior of the coefficients is studied as a
function of €7 for specific values of ef (Fig.2.2a), u7 (Fig.2.2b) and 0; (Fig.2.2c).
In Fig.2.2a, it is observed that amplitude of the transmission coefficient de-
creases by increasing the value of €f, whereas amplitude of the reflection coef-
ficient decreases for —3 < € < 0.4 and €/ (> 2) and increases for 0.4 < ef < 2.
In Fig.2.2b, it is noted that amplitude of the reflection coefficient increases by
increasing y7. On the other hand, amplitude of the transmission coefficient
increases for specific ranges of €7, i.e; —3 < €] < —0.4 and 0.4 < €] < 3 and
decreases for —0.4 < € < 0.4. In Fig.2.2¢, it is studied that both coefficient’s
curves shift towards left by increasing the value of 8; for only dielectric mag-
netic medium. Results also depict that maximum amplitude of the coefficients
can be achieved by taking €/ = -3, ¢/ = 1.9, yf = 0.09 and 0; = 45° for
epsilon negative (EN) medium, whereas for NL dielectric magnetic medium,
maximum amplitude of the coefficients can be achieved for ef =08, ef =24,
ué = 0.01 and 0; = 60°.

In Fig.2.3, behavior of the coefficients is given as a function of €f. It can be
noted that amplitude of the coefficients decreases by increasing € for EN-
NID, and increases for dielectric magnetic NID medium (except at €/ = 1.8).
Furthermore, peaks of the coefficients also shift towards right by increasing €/
(Fig.2.3a). In Fig.2.3b, it is noted that amplitude of the coefficients for EN-NID
(dielectric magnetic NID) medium can be decreased (increased) by increasing
ué. Results also depict that amplitude of the transmission coefficient is almost
negligible for any positive value (s) of €] compared to negative value (-s) of
e, for example; |AT| = 1.5and 0.2, for €/ = —3 and €? = 3, respectively. In
Fig.2.3c, it can be noted that by taking higher values of §; amplitude of the coef-
ficients decreases (increases) for EN-NID (dielectric magnetic NID) medium.
Comparing the results depicted Fig.2.3, it is observed that maximum ampli-
tude of the coefficients can be achieved by taking (i) ¢/ = 0.8 or 2.3, €} = 0.8~
1.2 or (ii) €] = —3, €/ = 0.8 for i = 0.01, 6; = 45°.
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In Fig.2.4, coefficients are studied as a function of u7 for specific values of €/
(Fig.2.4a), €f (Fig.2.4b) and 6; (Fig.2.4c). Results depict that amplitude of the
reflection coefficient increases by increasing either €7, €] and 0;. It is also noted
that amplitude of both coefficients is greater for mu near zero medium. Com-
paring all the results depicted in Fig.2.4, it is studied that higher amplitude of
the reflection coefficient is achieved for denser NL dielectric magnetic medium
with 0; = 60°. From the comparison of all subplots given in Fig.2.2-Fig.2.4, it is
noted that higher transmission can be achieved by using mu near zero (MNZ)
material, whereas for other positive or negative values of y, transmission co-
efficient remain negligible.

Now the aim is to study the impact of the noninteger dimension on the behav-
ior of the reflection and transmission coefficients. Plots given in Fig.2.5-Fig.2.6
are obtained for D; # 2. Coefficient are studied as a function of €7, €/ and uf in
Fig.2.5, by taking specific values of D;. It is interesting to note that amplitude
of the reflection coefficient decreases by increasing D; for —3 < €/ < —1.4
and €/ > 0.4 and increases for —1.4 < €/ < 0.4 (Fig.2.5a). Results also depict
that for a NL-EN (NL dielectric magnetic) medium, amplitude of the trans-
mission coefficient increases (decreases) by taking higher dimensions. It can
be noted that for NL-EN (NL dielectric magnetic) medium amplitude of the
reflection coefficients increases (decreases) by increasing the dimension pa-
rameter. Moreover, higher amplitude of the reflection coefficient is noted for
epsilon near zero medium (Fig.2.5b), whereas maximum amplitude of both the
coefficients is noted for mu near zero medium (Fig.2.5¢c). It is also noted that
amplitude of the reflection coefficient increases by increasing the noninteger
dimension for —3 < €f < —0.2 whereas, decreases for €/ > 0.4. In Fig.2.5¢, it
is noted that amplitude of the coefficients increases by increasing the dimen-
sion of NL-MN and NL dielectric magnetic noninteger dimensional mediums.
In Fig.2.6, coefficients are studied as a function of the dimension parameter by
taking fixed values of the other parameters (¢7, € and p). It can be noted that
amplitude of the coefficients decrease as D1 — 2 except at §; = 30°. From the
comparison of all plots given in Fig.2.5-Fig.2.6, it is also noted that amplitude
of the coefficients can be enhanced by using NL mu near zero medium and an

epsilon near zero NID medium having dimension 1 < D; < 1.2 for smaller
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value of the incident angle.
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Figure 2.2: Behavior of | A} | and | AT | with respect to €7 for Dy = 2.
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2.1.3 Conclusions

This section is dedicated to study the S-polarized reflection and transmission
characteristics of a DM-DM planar geometry, when non-linearity and non-
integer dimension are considered in opposite half spaces, i.e; NL dielectric
magnetic-linear dielectric magnetic NID planar interface. It is noted that con-
siderable enhancement in the amplitude of the coefficients is achieved by using
epsilon near zero NID and NL mu near zero mediums as left half spaces. Re-
sults depict that amplitude of the reflection coefficient increases by increasing
the nonlinear permeability. On the other hand, amplitude of the transmission
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coefficient increases for only —3 < €/ < —0.4and 0.4 < € < 3 range, whereas,
for —0.4 < €/ < 0.4, amplitude of the transmission coefficient decreases by
increasing the nonlinear permeability. It is also noticed that maximum ampli-
tude of the coefficients is achieved by taking ! = —3, ¢ = 1.9, y7 = 0.09 and
0; = 45° for NL epsilon negative medium, whereas for NL dielectric magnetic
medium, higher amplitude of the coefficients is observed by taking €/ = 0.8,
ef =24, uf = 0.01and 6; = 60°. Itis also noted that impact of the non-linearity
on the amplitude of the coefficients is of considerable importance for all con-
sidered materials, for example; NL epsilon negative, NL mu negative and NL
dielectric magnetic mediums. Among these all mediums, strongest contribu-
tion of the non-linearity is noted for NL mu near zero material. Results also
depict that amplitude of the coefficients is controlled by using the noninteger
dimension of the material. Furthermore, it is also noted that amplitude of the
reflection coefficient increases (decreases) by increasing the noninteger dimen-
sion of EN-NID (dielectric magnetic NID) medium.

2.2 P-polarization excitation

2.2.1 Description of the geometry and mathematical formula-
tion

Consider a planar interface placed at z = q and excited by a P-polarized elec-
tromagnetic wave, as depicted in Fig.2.8. Description of the geometry is given
in Sec.2.1. Electric and magnetic fields associated with the incident plane wave
are E; = (E;,,0,E;;)" and H; = (0, H;y, 0)7, respectively. Furthermore induced
NL polarization is P, where p depicts a unit vector in the plane of Fig.2.8.

Reflected field propagating in medium my, is the solution of the nonlinear
wave equation,

_ wlu,P

A A R _jk%(x sin 6, — 6, ks (x sin s — 05
Bilcwn) = (Bpe-+ B AfllFsntrzeest) g p SR st ozest) o)
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Figure 2.8: Second order NL dielectric magnetic and linear dielectric magnetic
NID planar interface excited by P-polarized plan wave.

This solution is obtained by using SVA approximation (discussed in chapter
1). Following the procedure of MSV in NID space (Sec.1.3.1), transmitted field

propagating in medium m; is obtained as written below,
N . i 0
Ei(ws) = (Epx + i) AT /K sinéex (k? cos th> 'HP (k? cos th> (2.9)

It is worth-mentioning that medium m; has noninteger dimension in only z-
axis direction i.e; following definition of the Laplacian operator (V) has been

used [100] " " ]
D-2

2 Y R =z Y

D=2 o2t 7 37

Equating the tangential components of the fields across the interface, following

\Y

equations are obtained,

Pws2 o Sin & cos s Pws2 Mo COs & sin B
2 142 2
ks — ki ki

AlB  Af w2y, Psina

_ [ — _He—jkchos(%

e s (k2 — ki2)

Aﬁ cos0;A = A‘Ir cos 0, + (2.10a)

e~ Jkrq cosor (2.10b)
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In above equations, Aﬁ{ and Aﬁ are the unknown coefficients, where super-
scripts (R, T) are used to differentiate between reflection and transmission co-
efficients and the subscript is used to indicate the polarization of the incident
wave. In Eq.(2.10), « is representing the angle formed between P and k£, as
depicted in Fig.2.8. Analytical solution of Eq.(2.10), is written below as,

(5
AR =2
[ - (211&)
T
AT = 3, (2.11b)
I =7

where,

T = k", (k?z . k§) (B(sr, + A(sﬁ)\l)

= J, [kﬁz (B(Sss + Anffyy\z)
+ By (k2 — k%)

= kgt (kzz - k§> (B(s,,r + A(Stt)q) [k‘;Z(&W\z
- 5SSA1> sina + Aq <k?2 - k§) qm}

u= &y [k‘;z (B Sin adss + A)LGffyz)
+ B2 — ki) o] g

Different definitions used to write the above equations in compact form are

given in appendix.

2.2.2 Results and discussion

P-polarized reflection and transmission coefficients, derived in previous sec-
tion are discussed in this section as a function of €7, €f and p7. Analysis is
also conducted by taking nonlinear epsilon negative and nonlinear mu neg-
ative mediums as medium m; and epsilon negative noninteger dimensional
medium as medium m;.

Initially, analysis is conducted for ordinary dimension of medium m; (D; = 2),
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to note the nonlinear contributions, Fig.2.9-Fig.2.11 depict these results. In
Fig.2.9, coefficients are studied as a function of €/ by taking specific values of
ef (Fig.2.9a), u} (Fig.2.9b) and 6; (Fig.2.9¢). It is also noted that amplitude of
the coefficients, decreases by increasing ef. It can be noted that for a NL-EN
medium amplitude of the coefficients can be increased by increasing € for any
particular value of €f (Fig.2.9a). On the other hand, amplitude of the coeffi-
cients increases by increasing puf for both NL-EN and NL dielectric magnetic
mediums (Fig.2.9b). It is interesting to note that amplitude of the coefficients
for NL-EN medium decreases by increasing 6; and increases for NL dielectric
magnetic medium. Moreover, peaks shifting towards left is also observed by
increasing 6; for only NL dielectric magnetic medium (Fig.2.9¢). It is also noted
that behavior of the coefficients changes as e?—> 0. Furthermore, the observed
amplitude of the reflection coefficient for NL dielectric magnetic medium is
smaller compared to amplitude observed for NL-EN medium. Comparing all
the results given in Fig.2.9, it is noted that higher amplitude of the coefficients
is achieved by taking €f = 1.9 and u; = 0.09.

In Fig.2.10, behavior of the coefficients are given as a function of €f for specific
values of €/ (Fig.2.10a), u; (Fig.2.10b) and 0; (Fig.2.10c). Results depict that
amplitude of the reflection coefficient increase by increasing €7, for —3 < e} <
—1.7, and decreases for —1.7 < €f < —1and —0.3 < €/ < —0.01. On the other
hand, for dielectric magnetic NID medium amplitude of the reflection coeffi-
cient increases by increasing €7 (Fig.2.10a). It is noted that amplitude of the
reflection coefficient decreases by increasing p; for —3 < €/ < —1.3, whereas
increases for ef > —1.3 (Fig.2.10b). Whereas, for higher values of the incident
angle amplitude of the reflection coefficient decreases for —3 < €f < —0.3
(Fig.2.10c). Results also depict that, maximum amplitude of the coefficients can
be achieved by taking €/ = 0.8 and pj = 0.09, for epsilon near zero medium
(Fig.2.10).

In Fig.2.11, behavior of the coefficients are depicted as a function of uf. It is
noted that amplitude of the coefficients increases by increasing ¢ (Fig.2.11a)
and ef (Fig.2.11b). In Fig.2.11c, it is noted that maximum amplitude of the re-
flection and transmission coefficient can be achieved for 6; = 60° and 0; = 30°,

respectively. Comparing all the results given in Fig.2.11, it is noted that behav-
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ior of the coefficients changes when uj — 0. Results also depict that for mu
near zero medium, maximum amplitude of the reflection (transmission) coef-
ficient is achieved by taking €/ = 2.3 (0; = 30°).

Plots given in Fig.2.12-Fig.2.14, depict the impact of the noninteger dimension
on the behavior of the P-polarized coefficients. Behavior of the coefficients as a
function of €7 are given in Fig.2.12. It is noted that amplitude of the coefficients
decreases by taking higher noninteger dimensions for 1 < €/ < 2 and increases
for €/ > 2. For NL-EN medium, amplitude of the coefficients decreases by in-
creasing the dimension parameter (Fig.2.12b) . In Fig.2.13 and Fig.2.14, it is
noted that amplitude of the coefficients decreases by increasing the noninteger
dimension for all taken cases. Results also depict that amplitude of the coeffi-

cients are controlled by using the noninteger dimension.
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Figure 2.9: Behavior of |A‘1|2| and |Aﬁ| with respect to €? for D; = 2.
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Figure 2.10: Behavior of |Aﬁ| and |Aﬁ| with respect to €} for D1 = 2.
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Figure 2.11: Behavior of |Aﬁ| and |Aﬁ| with respect to pf for Dy = 2.
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Figure 2.12: Behavior of |Aﬁ| and |Aﬁ\ with respect to € for the variations of

the dimension parameter.
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Figure 2.15: Sum of P-polarized reflected and transmitted powers for I* .
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2.2.3 Conclusion

The derivation and discussion of the P-polarized reflection and transmission
characteristics is given in this section for a DM-DM interface when non-linearity
and noninteger dimension are considered in opposite half spaces, i.e; NL di-
electric magnetic-linear dielectric magnetic NID planar interface. Results de-
pict that amplitude of the coefficients increases by increasing €/ for nonlinear
epsilon negative medium. Similarly, for nonlinear dielectric magnetic medium,
amplitude of the coefficients increases by increasing nonlinear permeability. It
is observed that amplitude of the coefficients decreases by increasing 6; when
nonlinear epsilon negative medium is taken as reflected half space. On the
other hand, higher amplitude of the reflection coefficient is noticed when non-
linear dielectric magnetic medium is used as reflected half space. Results also

114 Linear DM--NID medium
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Figure 2.13: Behavior of \Aﬁ\ and ]Aﬁ\ with respect to €f for the variations of
the dimension parameter.
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Figure 2.14: Behavior of \Aﬁ\ and |AW with respect to ¢ for the variations of

the dimension parameter.
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depict that maximum amplitude of both the coefficients are achieved by tak-
ing ef = 1.9 and p;} = 0.09 for specific values of linear permittivity. Whereas,
by taking €/ = 0.8 and p; = 0.09 for specific values of €/ only maximum
amplitude of the reflection coefficient is achieved. It is also observed that for
1 < €] <2(ef > 2)amplitude of the coefficients decreases (increases) by in-
creasing the noninteger dimension. For nonlinear epsilon negative medium
(reflected half space), amplitude of the coefficients decreases by increasing the
noninteger dimension of NID medium used as transmitted half space. Results
also depict that dimension parameter can be used to control the amplitude of

the coefficients by keeping the same shape.



Chapter 3

Linear dielectric magnetic and
nonlinear dielectric magnetic NID

planar interface

This chapter is devoted to the derivation and study of the behavior of reflection
and transmission coefficients from a linear dielectric magnetic—second order
NL dielectric magnetic NID planar interface for both S and P-polarization exci-
tation. Changes in the behavior of the coefficients are also reported when linear
dielectric magnetic half space is replaced with linear epsilon negative and lin-
ear mu negative mediums. In all these cases, contributions of the non-linearity
and the noninteger dimension are studied separately. From the comparison
of special cases with the results of the original geometry, it is studied that for
S-polarization excitation, amplitude of the reflection coefficient increases by
taking higher noninteger dimensions. Oppositely, for P-polarized excitation,
amplitude of the coefficients increases by taking smaller values of the noninte-

ger dimensions.
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3.1 S-polarization excitation

3.1.1 Description of the geometry and mathematical formula-
tion

Consider a planar interface located at z = g and excited by a S-polarized plane
wave as depicted in Fig.3.1. Left half space is filled with linear dielectric mag-
netic medium and the right half space is composed of second order nonlinear
dielectric magnetic NID medium. Electric field associated with the incident
electromagnetic wave is expressed as,

Ei(wi) _ yEO(wi)ejk?(xsin9i+zcosei) (3.1)

In the following discussion, left half space is symbolized as ‘. Wave number
of this medium is k¥ = cui\/:f7 (w;)/c, where €’ (w;) (hereafter it is written as
ef’ for simplicity) is the linear permittivity, whereas, right half space is termed
as medium ‘m’’ which is characterized by the wave number kb:cuS \/;? (ws)/c,
where €?(ws) (hereafter written as €? for simplicity) is the " medium permit-
tivity for second harmonic frequency To obtain the transmitted electric field
propagating in nonlinear dielectric magnetic NID medium, SVA approxima-
tion is used on the solution of the electric field obtained by applying the MSV
in NID space,

Ei(ws) =§ Bzejklty"Sirl Or (kL2 cos 9,)01H£:1)') (kVz cos 6,)

(3.2)
P2,

2
(k2 —kj")

ejksx sin B (ksz coS QS)OH(glz) (kSZ COSs 65)

Similarly, magnetic field expressions are evaluated as discussed in chapter.2.

Equating the tangential components of the fields across the planar interface,
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Linear dielectric Z=q Second order NL dielectric

magnetic NID

magnetic
X P (ws)
Ey(ws)
Er(ws) He (0s)
\
1s) ,

Ei (w)

Figure 3.1: Linear dielectric magnetic and second order nonlinear dielectric
magnetic NID planar interface excited by S-polarized plane wave.

following boundary conditions are obtained,

: Pw?u, A
BReikacost — pT 4, 4 —5Ho2 (3.3a)
k2 — kb
BE cos Gre_jk?qcos Or L BIBl cos 0; _cos 0s Pw?11,By (3.3b)
e ny (k2 — k%)

where Bf and Bi are the unknown reflection and transmission coefficients,
respectively and the subscript is used to indicate the polarization of the inci-
dent electromagnetic wave. Analytical solution of Eq.(3.3) yields the following
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unknown coefficients for S-polarization incidence

B (kg _ kf) <A15tr + B15rt> <A1B25t5 - AzBlaﬁ) ot

2
b
e~ fkrqcosOr st b (Az cos 0, + By cos 65)

(kg _ k?z) (Aléfr 4 Blért)
- ot (Az cos 8, + B, cos 95)

BT = , (3.4b)

Different notations used to write Eq.(3.4) in compact form are given in ap-

pendix.

3.1.2 Results and discussion

The S-polarized unknown coefficients derived in previous section are discussed
in this section. Behavior of the unknown coefficients are also studied when
left half space is filled with linear epsilon negative (EN) or linear mu negative
(MN) medium instead of linear dielectric magnetic medium. In all these cases,
impact of the non-linearity and noninteger dimensions on the unknown coef-
ficients are studied separately.

Initially, study of the behavior of the coefficients is reported by taking ordi-
nary m" medium, i.e; Dy = 2. Plots given in Fig.3.2-Fig.3.4 depict these all
results. In Fig.3.2, behavior of the coefficients are given as a function of ! for
specific values of ! (Fig.3.2a), u¥ (Fig.3.2b) and 6; (Fig.3.2c). In Fig.3.2a, it is
studied that amplitude of the reflection coefficient increases by increasing €’
for -3 < ef’ < 0.4, and ef? > 2.3. Whereas, amplitude of the coefficients de-
creases for 0.4 < ! < 2.3. It can be noted that amplitude of the transmission
coefficient decrease by increasing €’. It is also noted that amplitude of the re-
flection coefficient is smaller for positive values of the permittivity compared
to the negative values of the permittivity. In Fig.3.2b, results depict that for lin-
ear EN medium, amplitude of the reflection coefficient increases by increasing
yf . It is also noted that amplitude of the reflection (transmission) coefficient
decreases (increases) by increasing incident angle for linear EN medium and

vice-versa for linear dielectric magnetic medium (Fig.3.2c). Moreover, it is also
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studied that curves of the coefficients shift towards left by increasing the in-
cident angle. Results depict that higher amplitude of the reflection (transmis-
sion) coefficient is obtained by taking x2 = 0.01, §; = 30° and 1.7 < €! < 2.4
(eﬁ? > 2.4).

In Fig.3.3, coefficients are studied as a function of €? by taking specific values
of €? (Fig.3.3a), u? (Fig.3.3b) and 6; (Fig.3.3c). In Fig.3.3a, it is noted that ampli-
tude of the coefficients decrease (increases) by increasing ef for linear EN (DM)
medium, whereas peaks of the curves also shift towards right by increasing
the value of the linear permittivity. In Fig.3.3b, it is noted that amplitude of the
coefficients decreases (increases) by taking the higher values of u! for linear
EN (DM) medium. It is also observed that amplitude of the coefficients de-
creases by increasing the value of the incident angle (Fig.3.3c). Results depict
that higher amplitude of both the coefficients is achieved by taking 1% = 0.01,
e’ = 0.4 and 0; = 45°.

In Fig.3.4, coefficients are studied as a function of u! for specific values of ef’
(Fig.3.4a), ! (Fig.3.4b) and 6; (Fig.3.4c). In Fig.3.4, it is noted that amplitude
of the coefficients increases by increasing the value of either permittivities (e
and eﬁ’ ) and incident angle (0;) for both linear MN and linear DM medium:s.
Whereas, for mu near zero medium, higher amplitude of the coefficients is
noted for 6; = 30°. It is also noted that coefficients curves shift towards right
by increasing the values of the permittivities. From the comparison of all plots
given in Fig.3.2-Fig.3.4, it is noted that higher amplitude of the coefficients is

achieved for epsilon near zero mediums.
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Figure 3.2: Behavior of |[BY| and | BT | with respect to €! for D = 2.
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Figure 3.3: Behavior of |BR | and |BT | with respect to €? for D, = 2.
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Figure 3.4: Behavior of |BR | and |BT | with respect to u! for D, = 2.
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Figure 3.5: Behavior of |BR | and |BT | with respect to (a) €/ (b) €2 and (c) p2 for
the variations of the dimension parameter.
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Figure 3.7: Sum of S-polarized reflected and transmitted powers for I° .

Impact of the noninteger dimension of medium m'" is given in Fig.3.5-
Fig.3.6. In Fig.3.5, behavior of the reflection and transmission coefficients is
given as a function of € (Fig.3.5a), ¥ (Fig.3.5b) and u! (Fig.3.5c) by taking
specific values of the noninteger dimension parameter. Results depict that
amplitude of the reflection coefficient decreases by taking higher values of
the noninteger dimension for —3 < €/ < —0.4 and 24 < € < 3, but in-
creases for —0.4 < ef.’ < 04 and 2 < ef’ < 2.4. On the other hand, am-
plitude of the transmission coefficient, decreases by increasing the values of
D, for the complete taken range of ef’ ie, -3 < ef.’ < 3. In Fig.3.5Db, it is
studied that amplitude of the reflection coefficient decreases by taking higher
values of noninteger dimension for —3 < €/ < —0.01 and € > 1.4 but, in-

creases for —0.01 < €2 < 1.4. Whereas, amplitude of the transmission coef-
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ficient decreases for —3 < €2 < —0.01 and 0.4 < €’ < 3 and increases for
—0.01 < €’ < 0.4. In Fig.3.5¢, it is noted that amplitude of the reflection coeffi-
cient decreases by increasing the value of D, for —1 < u? < —0.1and u! > 0.5
but, increases for 0.1 < u? < 0.5. In Fig.3.6, it is noted that amplitude of the
coefficients decreases as D, — 2 when coefficients are studied for fixed value
of ¥ and varying values of the permittivities (Fig.3.6a—Fig.3.6b), and increases

by taking smaller value of (= 0.01) as depicted in Fig.3.6c.

3.1.3 Conclusion

Derivation and study of the behavior of the second order S-polarized reflec-
tion and transmission coefficients is given in this section for linear dielec-
tric magnetic—second order nonlinear dielectric magnetic NID planar interface.
Smaller amplitude of the reflection coefficient is observed for positive values
of permittivity (linear dielectric magnetic medium) compared to the negative
values (linear epsilon negative medium). It is also noted that amplitude of the
reflection coefficient increases (decreases) by taking higher values of the non-
linear permeability when linear epsilon negative (dielectric magnetic) medium
is taken as m' medium. Results also depict that amplitude of the reflection
(transmission) coefficient decreases (increases) as incident angle increases for
linear epsilon negative medium. Moreover, amplitude of both the coefficients
decrease (increases) by increasing €” for linear epsilon negative (dielectric mag-
netic) medium and the peaks of the coefficients also shift towards right by in-
creasing the value of €?. On the other hand, it is also noted that amplitude of
the coefficients increases by increasing both the permittivities (¢? and €?) and
incident angle for linear dielectric magnetic medium. On the other hand, for
mu near zero medium (as '), higher amplitude of the coefficients is noted
when 0; — 30°. Results also depict that amplitude of the coefficients is en-
hanced by taking for epsilon near zero medium.

Studying the impact of the noninteger dimension on the coefficients, it is noted
that amplitude of the reflection coefficient decreases by increasing the nonin-
teger dimension for —3 < ef < —04 and 24 < ef < 3, but, increases for

—04 < €/ < 04and 2 < €’ < 24. On the other hand, amplitude of the

i i
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transmission coefficient decreases by increasing the value of the noninteger
b

dimension parameter for —3 < €/ < 3. Results also depict that amplitude
of the reflection coefficient decreases by increasing the noninteger dimension
for =3 < € < —0.01 and € > 1.4 and increases for —0.01 < €! < 1.4.
It is also noted that amplitude of the transmission coefficient decreases for
—3 < el < —0.01 and 0.4 < € < 3 whereas, increases for —0.01 < ef’ < 04.
Furthermore, it is studied that amplitude of the reflection coefficient decreases
by increasing the value of the noninteger dimension for —1 < u! < —0.1 and

ul > 0.5 but, increases for 0.1 < ul < 0.5.

3.2 P-polarization excitation

3.2.1 Description of the geometry and mathematical formula-

tion
. . . Z=(q . .
Linear dielectric Second order NL dielectric
magnetic magnetic NID
X E¢ (ws)
P(w
a, (ws)
.
H(Ws)

Er (ws)

A\
e e
) t S

Ei ()

Figure 3.8: Linear dielectric magnetic and second order nonlinear dielectric
magnetic NID planar interface excited by P-polarized plane wave.

Consider a planar interface placed at z = g and excited by a P-polarized
plan wave as depicted in Fig.3.8. Description of the geometry is given in

Sec.3.1.2. Electric and magnetic fields associated with the incident plane wave
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are E; = (E;, 0, E;;)" and H; = (0, Hyy, 0)T, respectively. Furthermore induced
NL polarization is P, where in the following discussion p is used to repre-
sent a unit vector in the plane of Fig.3.8 and a is used to represent the angle
formed between induced NL polarization and the wave vector: i.e: P and kP,
as depicted in Fig.3.8. Reflected and transmitted fields are obtained by using
the similar procedure as discussed in Sec.3.1.2. Equating the tangential com-
ponents of the fields across the interface, following boundary conditions are
achieved,

Bﬁ cosf, = Bﬁ s 01 Aq + (Pw§y0 sin & cos 6 n ngyo cos « sin B ) A,

@ - k7 ko
— kb
_Bﬁ{e jk7q cos 6, _ BﬁBl n (Pws?‘uo sin &« cos 95 I Pwszyo COSlXSiIl95> (g)
b b 2 2
My Ur k% - klt? k? s
(3.5)

Analytical solution of Eq.(3.5), provides the P-polarized unknown coefficients
written below as,

2 2
ke nlns (ki — kY > (AzBms - A1325tt> <315rr + A15f>
BR —

(- 2
Stent <A277§ + B2(5rr> (k?z sin(a — 6;) + k2 cos a sin 95>

2 2
i (12 (a0
Bf =

I
oL, (Aziyg + Bz(Srr> <k?2 sin(a — 65) + k2 cos a sin 65)

(3.6)

In Eq.(3.5)-Eq.(3.6), Bf and Bﬁ are the unknown reflection and transmission
coefficient, respectively. Furthermore, notations used to write these equations

in compact form are given in appendix.
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3.2.2 Results and discussion

Unknown P-polarized reflection and transmission coefficients derived in the
previous section are discussed here as a function of different parameters. In
Fig.3.9-Fig.3.11, impact of the non-linearity on the behavior of the coefficients
is given. In Fig.3.9, coefficients are studied as a function of ef’ by taking specific
values of €? (Fig.3.9), u; (Fig.3.9b), 0; (Fig.3.9c) and « (Fig.3.9d). In Fig.3.9a, it
is noted that amplitude of the reflection (transmission) coefficient decreases
(increases) by increasing the value of €. Furthermore, it is also noted that am-
plitude of the coefficients is greater for EN medium compared to the dielectric
magnetic medium. On the other hand, it is also noted that behavior of the
reflection (transmission) coefficient changes at ef’ = 0.2(0.4). In Fig.3.9D, it is
noted that amplitude of the coefficients decreases by increasing the value of
ul. Tt is also noted that amplitude of the reflection coefficient increases for EN
and dielectric magnetic both mediums by increasing the incident angle. On
the other hand, amplitude of the transmission coefficient decreases by taking
higher values of the incident angle for —1.7 < ef’ < 0.3 (Fig.3.9¢). In Fig.3.9b,
it is studied that amplitude of both the coefficients increases as « — 90°. Re-
sults depict that higher amplitude of the coefficients is achieved by using EN
medium compared to dielectric magnetic medium. From the comparison of
all subplots given in Fig.3.9, it is noted that higher amplitude of the reflection
coefficient is achieved by using €/ = —3, £ = 1.9, ¥ = 0.05 and a = 6; = 60°.
In Fig.3.10, behavior of the coefficients is given as a function of €! for spe-
cific values of ef’ (Fig.3.10a), u? (Fig.3.10b), 6; (Fig.3.10c) and & (Fig.3.10d). In
Fig.3.10a, it is noted that amplitude of the coefficients increases by increasing €”
for both EN and dielectric magnetic mediums. It is also noted that peaks of the
reflection coefficient shift towards right by taking higher values of €’ for dielec-
tric magnetic medium. Whereas, amplitude of the coefficients decreases by in-
creasing the value of 1%, and no peaks shifting is noted (Fig.3.10b). In Fig.3.10c,
it is noted that amplitude of the reflection (transmission) coefficient increases
(decreases) by increasing the value of the incident angle for EN medium. It is
interesting to note that higher amplitude of the transmission coefficient can be
achieved by taking epsilon near zero medium for smaller value of 6;(= 30°).



56 1Y interface

In Fig.3.10d, it is noted that amplitude of the coefficients increases as « is in-
creased. It is also noted that for fixed value of a, amplitude of the reflection
(transmission) coefficient decreases (increases) and 1 < € < 3. Results also
depict that higher amplitude of the coefficients is achieved for €/ — 0 by tak-
ing €? = 0.8, u? = 0.01 and & = 60°.

In Fig.3.11, coefficients are plotted as a function of « by taking specific values
of €¥ (Fig.3.11a), ¥ (Fig.3.11b), u! (Fig.3.11c) and 6; (Fig.3.11d). In Fig.3.11a,
it is noted that amplitude of the coefficients increases by increasing the value
of €’. It is noted that amplitude of the coefficients decreases by increasing the
value of €! and u! (Fig.3.11b-Fig.3.11c), whereas increases by increasing the
value of the incident angle (Fig.3.11d). Results also depict that for fixed value
of ef’ , elﬂ, ylr’ or 8;, amplitude of the coefficients increases as & — 90°.

Now, impact of the noninteger dimension of the medium ", on the reflection
and transmission coefficients is given in Fig.3.12-Fig.3.13. In Fig.3.12, coeffi-
cients are studied as a function of ef’ (Fig.3.12a), elr’ (Fig.3.12b) and « (Fig.3.12),
for D, # 2. In all these subplots it is noted that amplitude of the coefficients de-
crease by increasing D,. On the other hand, in Fig.3.13, coefficients are plotted
as a function of dimension parameter by taking specific values of €’ Fig.3.13a,
el (Fig.3.13b) and « (Fig.3.13c). Results also depict that amplitude of the coef-

ticients, decreases as Dy, — 2, for fixed values of the constitutive parameters.
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Figure 3.10: Behavior of |B‘1f| and ]BHT\ with respect €? for D, = 2.
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3.2.3 Conclusion

Derivation and discussion of the second order P-polarized coefficients is given
in this section for linear dielectric magnetic-second order nonlinear dielectric
magnetic NID planar interface. Results depict that amplitude of the reflec-
tion (transmission) coefficient decreases (increases) by increasing the value of
€l. Moreover, amplitude of both the coefficients decreases by increasing the

value of nonlinear permeability. On the other hand, amplitude of the trans-

mission coefficient decreases by taking higher values of 6; for —1.7 < €/ < 0.3.

It is also noted that amplitude of both the coefficients increases as & — 90°.

Furthermore, higher amplitude of both the coefficients is noticed for epsilon
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negative medium compared to the dielectric magnetic medium. Results also
depict that higher amplitude of the reflection coefficient is achieved by using
e’ = —3,el =19, ub = 0.05and &« = §; = 60°. Studying the impact of the
noninteger dimension on the behavior of the coefficients, it is noted that ampli-
tude of the coefficients decreases as D, — 2 for fixed values of the constitutive

parameters.



Chapter 4

Linear dielectric magnetic NID and
nonlinear dielectric magnetic NID

planar interface

In this chapter derivation and the discussion of the reflection and transmis-
sion coefficients is given when a S-polarized and P-polarized electromagnetic
wave is used to excite the linear dielectric magnetic NID-second order non-
linear dielectric magnetic NID planar interface. Changes in the behavior of
the coefficients is also reported when an epsilon negative or mu negative NID
medium is taken instead of linear dielectric magnetic NID medium. In all these
cases, contribution of the non-linearity and noninteger dimensions are studied
separately. Moreover, specific ranges of the permittivities and permeability are
also discussed for which higher amplitude of the coefficients can be observed.
Results depict that higher amplitude of the reflection coefficient is achieved by
using dielectric magnetic NID left half space compared to EN-NID medium.
Results depict that dimensions of the NID mediums can be used to control the

amplitude of the coefficients.
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Figure 4.1: Linear dielectric magnetic NID and second order NL dielectric
magnetic NID planar interface excited by S-polarized plane wave.

4.1 S-polarization excitation

4.1.1 Description of the geometry and mathematical formula-
tion

Consider a planar interface placed at z = g and is excited by a S-polarized
wave of fundamental frequency w;, making an angle 6; with the normal to
the interface, as depicted in Fig.4.1. Left half plan which is symbolized as
medium mg is filled with linear dielectric magnetic NID medium and is char-
acterized by the wave number k§ = %, /ef(w;), where, €f(w;), (hereafter it is
written as ‘e’ for simplicity) is the fundamental permittivity of this medium.
Right half space, contains second order NL dielectric magnetic NID medium
(medium mg), which is characterized by the wave number k{ = %=, /ef(ws)
where, €f(ws) (hereafter written as €f for simplicity) is the permittivity of mg
at second harmonic frrquency.

Following the procedure of MSV in NID space, incident wave for NID medium
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is expressed as,

E;(w;) = 911 (w;)exp (ikix sin 9,-) (k,-z cos 61-) o Héf) (kiz cos Qi) , 4.1)

In above equation, order of medium mgs and mg are 0 = ]3_2D Ll and 0 =
|3_2D 2|, respectively, whereas D; and D; are the respective dimensions of left

and right half space mediums.

To obtain the transmitted wave, solution of the NL wave equation is obtained
by using SVA approximation and MSV in NID space. Equating the tangential
components of the waves across the interface, following boundary condition

equations are obtained,

PA.w?

R AT sWgHo

CfBr cosfr B CiBt cos 0; _ PBscos 05w, (4.2)
7 7 75 (k2 — k§?) '

Analytical solution of Eq.(4.2) yields the following unknown coefficients,

nins (2 — k)¢
 ped?
s (ki - kf2> (AtBﬂyf cos 0, + A, B¢ cos 0,;)

cl =— —3 , (4.4)

cR = (4.3)

where CF and CT are the known reflection and transmission coefficients and
the subscript is used to indicate the polarization of the incident electromag-

netic wave, and
&= <AtBr17f cos 6, + A,B1; cos 9t> (—AtBsiyf cos 0 + AsB1s cos 0t>

Different notations used to write the unknown coefficients in compact form

are given in appendix.
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4.1.2 Results and discussion

The S-polarized unknown coefficients which are derived in previous section
are discussed here, as a function of €7, €] and ;. Analysis is also conducted by
taking special cases of the original geometry: epsilon negative NID (EN-NID)
or mu negative NID (MN-NID) as ms mediums are considered in this regard.
In the first part, analysis is conducted to study the impact of the non-linearity
on the unknown coefficients by taking ordinary mediums, i.e; D1=D,=2 (Fig.4.2—-
Fig.4.4). Behavior of the unknown coefficients as a function of €} by taking spe-
cific values of €; (Fig.4.2a), u; (Fig.4.2b) and 6; (Fig.4.2c) are given in Fig.4.2. It
is noted that amplitude of the coefficients increases by increasing the values
of the ;. Moreover, it is also noted that for specific value of €7, amplitude of
both the coefficients increases for € < 2 and decreases for €; > 2. It is also
noted that amplitude of the coefficients increases by taking smaller values of
s and higher amplitude of both the coefficients are achieved by taking p5=0.01
and 1.7 < €f < 2.4 (Fig.4.2b). In Fig.4.2c, peaks of the coefficients are observed
which shift towards right by increasing the value of the incident angle. It is also
observed that amplitude of the reflection (transmission) coefficient decreases
(increases) by increasing the incident angle. From the comparison of all sub-
plots given in Fig.4.2, it is noted that amplitude of the coefficients for EN-NID
mgs medium are negligible compared to dielectric magnetic NID ms medium.
Fig.4.3, depict the behavior of the reflection and transmission coefficients as
a function of €;. It is observed that amplitude of the coefficients increases by
increasing the value of €} (Fig.4.3a), except at €=1.8, which provides higher
amplitude of the reflection coefficient for —2.3 < €; < 0.65 and €; > 1.15. On
the other hand, higher amplitude of the transmission coefficient is observed
for —3 < ey < 0.85and €f > 1. It is also noted that higher amplitude of the re-
flection coefficient can be achieved by taking negative values of €; compared to
positive values. Results also depict that amplitude of the coefficients increases
by taking smaller values of u{ (Fig.4.3b) and higher values of the incident an-
gle (Fig.4.3c). From the comparison of all these subplots, it is noted that higher
amplitude of the reflection coefficient can be achieved by taking ef=—3, €f=2.3,
1;=0.01 and 6;=60°. On the other hand, higher amplitude of the transmission
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coefficient can be achieved by taking €7=1.8, 117;=0.01, ;=60° and by taking neg-
ative of €,.

In Fig.4.4, coefficients are plotted as a function of u{. It is noted that ampli-
tude of the coefficients increases by increasing €. It is noted that both co-
efficients behave differently at € = 1.8(~ ¢;). It is also noted that ampli-
tude of the reflection coefficient decreases by increasing the value of € for
—1 < py < —0.45 and increases for y; > 0.45 (Fig.4.4b). It is noted that ampli-
tude of the coefficients increases by increasing the value of the incident angle
except at —0.1 < py < 0.5. From the comparison of all these subplots it is
noted that higher amplitude of the coefficients can be achieved for mu near

zero medium.

---= Calculated by using Eq.1.11
0.015%

0.01C¢

Pr+Pt

0.005

HA

—24-17 -1 -0303 1 1.7 24
(o]

€;

Figure 4.9: Sum of S-polarized reflected and transmitted powers for I° .

Fig.4.5 and Fig.4.8, depict the contribution of the noninteger dimension of
Mg and Mg. Behavior of the coefficients are studied as a function of €, e; and
ps. It is noted that amplitude of the reflection coefficient increases by increas-
ing D; for —3 < € < 1.5 whereas, decreases for ¢/ > 1.5 (Fig.4.5a). On the
other hand, amplitude of the reflection coefficient also increases by increasing
D for —3 < €; < 0.25 and €; > 1.2. Whereas, amplitude of the transmission
coefficient increases by increasing D; for —3 < €; < 0.1 and €; > 1.8 and de-
creases for 0.1 < e; < 1.8 (Fig.4.5b). It is also noted that amplitude of the reflec-
tion coefficient decreases by increasing D for —1 < uf < —0.03 and ¢ > 0.1
but, increases for —0.03 < u; < 0.1 (Fig.4.5¢c). From the comparison of all these
subplots, it is noted that higher amplitude of the coefficients are achieved by
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Figure 4.2: Behavior of |C}| and |CT | with respect to € for D; = D, = 2.
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Figure 4.4: Behavior of |C}| and |CT | with respect to u¢ for D; = D, = 2.
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Figure 4.5: Behavior of |C}| and |CT| with respect to (a) €f (b) €£ (c) pu¢ for
Dy =2,D; #2.
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Figure 4.6: Behavior of |C}| and |CT| with respect to (a) €} (b) €£ (c) p¢ for
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Figure 4.7: Contour plots of |C}| and |CT | with respect to D; and D, for €f =
0.8, €€ = 1.9, u¢ = 0.01, ¢ = 0.02 and 6; = 45°.

taking higher values of the noninteger dimensions and 1.7 < ef <24,e =-3
and mu near zero materials. Fig.4.6a, depict that amplitude of the coefficients
increases by increasing the value of D,. It is also noted that amplitude of the re-
flection coefficient increases by taking higher values of D,. Whereas, transmis-
sion coefficient decreases by taking higher values of D; for —0.7 < €7 < —0.05
and 0.4 < €; < 1 (Fig.4.6b). On the other hand, Fig.4.6c, depict that amplitude
of the reflection coefficient decreases (increases) by increasing the value of D,
for uy < 0 (uy > 0). Fig.4.7, depict the contour plots of reflection and trans-
mission coefficients by taking €f > 0, ¢ > 0 and y; > 0. In Fig.4.8, contour
plots of the coefficients are give for ¢/ = —0.8 (Fig.4.8a), ¢; = —1.9 (Fig.4.8b)
and u; = —0.01 (Fig.4.8c). From the comparison of Fig.4.2-Fig.4.4 and Fig.4.5-
Fig.4.8, it is noted that dimension of both the mediums are used as controlling
factors for the amplitude of the coefficients by keeping the same shape.

4.1.3 Conclusion

Derivation and discussion of the S-polarized reflection and transmission coeffi-
cients are given in this section for linear dielectric magnetic NID-second order
nonlinear dielectric magnetic NID planar interface. It is noted that amplitude

of the coefficients increases (decreases) by increasing the values of €} (y7). Fur-
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Figure 4.8: (cont.)

1.3

1.5
Dy

17


Chapter4/Chapter4Figs//ref--epsi-ve--contour.eps
Chapter4/Chapter4Figs//tran--epsi-ve--contour.eps
Chapter4/Chapter4Figs//ref--epsr-ve--contour.eps
Chapter4/Chapter4Figs//tran--epsr-ve--contour.eps

77 I¢ interface
ICFI ICTI
19 1.9 R
10,0592 -0.0435
oosis ] -0.0406
00444 O 1.5 -0.0377
00370 13 10,0348
100296 1.1l ‘00319
11 13 15 17 1.9 1.1 1.3 15 1.7 1.9
D; Dy

(©
Figure 4.8: Contour plots of |CX | and |CT | with respect to D; and D, by taking
ui = 0.02 and 0; = 45° for (a) €; = 1.9, y; = 0.01 and € = —0.8 (b) €7 = 0.8,
py = 0.0l and e; = —1.9 and (c) €; = 0.8, €7 = 1.9 and p7 = —0.01.

thermore, peaks of the coefficients are also observed at specific values of linear
permittivity, which shift towards right by increasing the incident angle. Re-
sults also depict that higher amplitude of both the coefficients are achieved by
taking dielectric magnetic NID medium as left half space medium. It is studied
that amplitude of the reflection coefficient increases by taking negative values
of the €,. Moreover, amplitude of both the coefficients can be increased by
using a material exhibiting €f ~ € for manufacturing a devices which is oper-
ating on a specific value of y¢. Inall cases: (a) D1 = Dy =2,D1 #2(b) Dy =2,
D, # 2 (c) D; = 2, dimension of both the mediums are used as a controlling
factor for the behavior of the coefficients by keeping the same shape.

4.2 P-polarization excitation

4.2.1 Description of the geometry and mathematical formula-
tion

Consider a planar interface located at z = g and excited by a P-polarized elec-
tromagnetic wave as depicted in Fig.4.10. Description of the geometry is given
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Figure 4.10: Linear NID magnetic and second order NL dielectric magnetic
NID planar interface excited by P-polarized plane wave.

in Sec.4.1.1.

Using the procedure of MSV in NID space and SVA approximation for the
solution of the NL wave equation (as discussed in Sec.4.1.1), P-polarized re-
flected and transmitted fields are obtained. Equating the tangential compo-
nents of the fields across the interface following boundary condition are achieved,

Pw?p,Ascosbssina  Pw?p,As sin s cos a
2 102 c2
ks — ki ki

CﬁAr cosf, = CﬁAt cosB; +

B Cﬁ{Br B CﬁBt Pw?yoBs sinu

g mE (k2 — k2

7

(4.5)

Cﬁ{ and Cﬁ are the unknown reflection and transmission coefficients, respec-
tively and the subscripts are used to indicate the polarization of the incident
electromagnetic wave. Analytical solution of Eq.(4.5), yields the unknown co-
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efficients which are written below as,

ks> nes <k§ - kfz) <1P1 + le)

k2 sin (¢3 - 1/)4) + s <k§ . kgz)]

2
(Sgcﬂtc k§2¢6 + AsBi1s <k§2 Sin(lx — 95) + k% COS & Sin 95)
(4.6)
ké7s <k§2 - kg) <1P1 + lP2>

oL, [kfz% + AsB1s (kf2 sin(aw — 65) + k2 cos a sin 95)]

All definitions used to write the above equations in compact form are given in
appendix.

4.2.2 Results and discussion

This section is devoted to the study of the behavior of the P-polarized reflec-
tion and transmission coefficients as a function of €, €}, y7, 0; and . As stated
in previous chapters, « is the angle formed between induced NL polarization
and the wave vector, hence « = 0° and & = 90° depict that P||k{ and P L kf.
Analysis presented in this section is divided into two parts. In the first part,
behavior of the coefficients is studied by taking both ordinary half spaces, i.e;
D; = D; = 2, to notice the impact of the non-linearity on the reflection and
transmission coefficients. Plots given in Fig.4.11-Fig.4.13 depict this study. To
study the impact of the noninteger dimensions on the reflection and transmis-
sion coefficients, second part of the analysis is further divided into two parts,
i.e; (i) D1 = 2 and D, # 2 (Fig.4.14) (ii) D, = 2 and D; # 2 (Fig.4.15).

In Fig.4.11, reflection and transmission coefficients are plotted as a function of
€; by taking specific values of €] (Fig.4.11a), p; (Fig.4.11b), a (Fig.4.11c) and 6,
(Fig.4.11d). All these plots are obtained for epsilon negative-NID (EN-NID)
and dielectric magnetic NID mediums. It is noted that amplitude of the re-
flection coefficient is greater for dielectric magnetic NID medium compared to
EN-NID medium (Fig.4.11a). Furthermore, amplitude of the reflection coeffi-
cient decreases by increasing the value of €} for both mediums. On the other
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hand, it is also noted that for epsilon near zero medium, reflection coefficient
reaches to zero, i.e considered geometry composed of discussed material, be-
have as an absorber geometry. Similar behavior is observed when coefficients
are studied for fixed value of €7 and by taking specific values of u; (Fig.4.11b).
It is noted that amplitude of both the coefficients increases by increasing the
value of u¢. In Fig.4.11c, coefficients are plotted by taking specific values of
«. Significant changes are observed by changing values of alpha for dielectric
magnetic NID medium and it is also noted that amplitude of the coefficients
increases by taking higher values of a. Only amplitude of the transmission co-
efficient increases by decreasing a for epsilon near zero medium. On the other
hand, in Fig.4.11d, coefficients are plotted by taking specific values of the inci-
dent angle. It is obvious to note that amplitude of the reflection (transmission)
coefficient increases (decreases) by increasing the values of the incident angle.
Furthermore it is also noted that for dielectric magnetic NID medium curves of
the coefficients shift towards left by increasing the values of the incident angle.

In Fig.4.12, coefficients are plotted as a function of y; for mu negative-NID
(MN-NID) and dielectric magnetic NID mediums. In Fig.4.12a (Fig.4.12b), it
is noted that amplitude of the coefficients increasing (decreases) by increasing
the values of € (€;). On the other hand, it is also noted that amplitude of the
reflection coefficient increases by decreasing the values of a for dielectric mag-
netic NID medium (Fig.4.12c). Whereas, amplitude of the coefficients increases
by increasing the value of the incident angle for both MN-NID and dielectric
magnetic NID mediums. Furthermore, in all these subplots it is also noted that
amplitude of both the coefficients are negligible for mu near zero medium.

In Fig.4.13 coefficients are plotted as a function of a. Results presented in
Fig.4.13a (Fig.4.13b), depict that amplitude of the coefficients increases (de-
creases) by increasing the values of € (e7). It is also noted that amplitude of the
coefficients increases by increasing the values of the incident angle (Fig.4.13d).
Whereas, only amplitude of the reflection coefficient increases by increasing
the value of uf. Moreover, amplitude of the transmission coefficient increases
(decreases) by taking higher values of p; for & < 60° (¢ > 60°): Fig.4.13c. Fur-
thermore, in all these subplots it is also noted that amplitude of the coefficients
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Figure 4.11: (cont.)
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Figure 4.11: Behavior of |C|1f| and |C|Fﬂ with respect to € for D1 = Dy = 2.

increases as « — 90°, for fixed value of y; and 0; and higher (smaller) values
of €(ef).

Now, impact of the noninteger dimensions of both half spaces is reported
(Fig.4.14-Fig.4.19). Plots given in Fig.4.14 are obtained to study the impact of
the noninteger dimension of medium Mg. It is noted that amplitude of the co-
efficients increases by taking higher dimension of medium Mg, when plotted
as a function of « and py (Fig.4.14a, Fig.4.14d). On the other hand, amplitude
of both the coefficients decreases by taking higher values of the noninterger
dimensions of medium Mg when plotted as a function of €; and €7 (Fig.4.14b,
Fig.4.14c). Furthermore, it is also noted that behavior of both the coefficients
changes for both epsilon and mu near zero mediums (Fig.4.14b—Fig.4.14d). In
Fig.4.15, behavior of the coefficients are given which depict the impact of the
noninteger dimension of medium Mg, i.e; D; = 2 and D, # 2. From the
comparison of all subplots in Fig.4.14-Fig.4.15 it is noted that dimensions of
both the mediums play an important role in controlling the amplitude of the
coefficients by keeping the same shape.
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Figure 4.12: (cont.)
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Figure 4.12: Behavior of |Cﬁ<| and ]Cﬂ with respect to y¢ for D1 = Dy = 2.
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4.2.3 Conclusion

Derivation and behavior of the second order P-polarized reflection and trans-
mission coefficients is given in this section for linear dielectric magnetic NID-
second order nonlinear dielectric magnetic NID planar interface. Higher am-
plitude of the reflection coefficient is noted for dielectric magnetic NID medium
compared to epsilon negative medium. It is also noted that amplitude of the
transmission coefficient increases by taking smaller value of a for epsilon or
mu near zero mediums. Results also depict that amplitude of the reflection

coefficient increases by increasing the nonlinear permeability for all values of
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Figure 4.13: (cont.)
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Figure 4.13: Behavior of |C‘1|2| and |Cﬁ| with respect to « for D1 = D, = 2.

«. Whereas, amplitude of the transmission coefficient increases (decreases) for

a < 60° (x > 60°) by increasing uy. It is studied that amplitude of the co-
efficients increases (decreases) by taking higher dimension of NID mediums,

when plotted as a function of «,u; (€7).
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Chapter 5

Conclusions and proposed
applications

Detailed conclusions of the study presented in all the chapters are listed below,

* In this thesis, a study to note the impact of the presence of non-linearity
and/or noninteger dimensions, on the reflection and transmission of a
dielectric magnetic-dielectric magnetic (DM-DM) planar interface ge-
ometry is presented. Both S and P-polarization excitations are considered
in this regard. All the nonlinear materials considered in this study are of
second harmonic generation type, that is, mathematically permittivity of
the nonlinear medium contains two terms, linear and nonlinear. Due to
this reflected and transmitted coefficients has two terms first order and
second order. It is important to note that nonlinear coefficients vanishes
if nonlinear part of the permittivity is removed. Only behavior of the sec-
ond order reflection and transmission characteristics is presented in this
thesis. Moreover, nonlinear permeability (permeability observed at sec-
ond harmonic frequency) is used throughout the analysis. By taking dif-
ferent noninteger values of the dimension of the noninteger dimensional
(NID) medium, reflected and transmitted powers changes independently
but the sum of both the powers remain the same. All planar geometries
are named in such a way that first part of each name represents the ex-
citation side. Behavior of the second order coefficients are presented as
a function of permittivities, permeability and noninteger dimension pa-
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rameter.

First, the impact of presence of NID and non-linearity is noted by incor-
porating them into two different half spaces, i.e; nonlinear DM-linear
DM noninteger dimensional interface. It is noticed that due to the pres-
ence of NID environment, the reflected power, compared to the trans-
mitted power, can be significantly enhanced, for specific values of linear

permittivity and positive values of nonlinear permeability.

In the second consideration, contributions of the non-linearity and non-
integer dimensions are incorporated into one half space, i.e; linear DM-
nonlinear DM noninteger dimensional interface. In this scenario, re-
markable enhancement in the transmitted power are observed (compared
to reflected power), for specific values of the linear permittivity. More-
over, the values of linear permittivity are adjusted by tuning the incident
angle and nonlinear permeability. Peaks of both the coefficients are also
observed for only specific values of linear permittivity

In the last consideration, impact of the presence of non-linearity and
noninteger dimensions are noted by incorporating them simultaneously
in both half spaces, i.e; linear DM noninteger dimensional-nonlinear
DM noninteger dimensional interface. Significant enhancement in the S-
polarized coefficients is noticed as linear permittivity approaches nonlin-
ear permittivity. On the other hand, higher amplitude of the P-polarized
reflection coefficient is noticed for DM noninteger dimensional medium

compared to epsilon negative noninteger dimensional medium.

It is concluded from the observations drawn from studying these scenar-
ios that tuning of both noninteger dimension/dimensions and the non-

linearity can be used for controlling the behavior of the coefficients.

5.1 Proposed applications

Some potential medical applications of the presented work are discussed now.

In vertebrate tissues, collagen fiber protects the tendon from deformation [139]
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and also stores the energy for the muscles. Among this fiber category, collagen-
I (C-I), is the main component fond in bone structure, ovary, breast stoma,
kidney, liver and lungs. Hence, abnormality in C-I fiber causes mid to sever is-
sues related to these organs, like cancer [140-142]. Similarly, some pathogenic
disorders like: sjorgren’s syndrome, osteogenesis imperfecta and rheumatoid
arthritis occur due to the abnormality in fibrillar collagen fiber. Experimental
studies revel that SHG imaging/SHG microscopy for clinical applications is
more powerful tool compared to classical histological methods [143] due to its
sub-micron resolution capability on optical wavelengths. Further, SHG is also
capable of providing 3-dimensional imaging of tissues, which provide more
information compared to standard procedures [144-148]. Presented work can
be used for the SHG imaging of the C-I and fibrillar collagen fiber. Further,
presented work can also be used to study the cellular membrane interactions,
e.g; protein, DNA, RNA etc [149]. Moreover, a layered interface can also be
fabricated to enhance the sub-micron imaging for clinical applications.

Study of the NLO properties, especially SHG, is a difficult task for the no-
ble metals (silver and gold) due to their higher extinction losses in the optical
spectrum [150]. The metallic nano-structures also has thermal instabilities due
to the conduction losses. This problem is resolved by using the nitride-based
and conductive oxides materials, for example, Indium Tin Oxide (ITO), hav-
ing higher melting point compared to the noble metals and chemical stability
[151-153]. Moreover, ITO also has compatibility of fabrication standards to the
silicon industry. The ENZ metallic/dielectric fractal metasurfaces deposited
on ITO thin film sample, can be used to study the reported results.
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