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ABSTRACT

NITISH CHANDRA. Characterization of Light-Meta Structure Interactions.
(Under the direction of DR. MICHAEL A. FIDDY)

The advent of metamaterials has increased the complexity of possible light-matter in-
teractions, creating gaps in knowledge and violating various commonly used approx-
imations and rendering some common mathematical frameworks incomplete. Our
forward scattering experiments on metallic shells and cavities have created a need for
a rigorous geometry-based analysis of scattering problems and more rigorous current
distribution descriptions in the volume of the scattering object. In order to build
an accurate understanding of these interactions, we have revisited the fundamentals
of Maxwell’s equations, electromagnetic potentials and boundary conditions to build
a bottom-up geometry-based analysis of scattering. Individual structures or meta-
atoms can be designed to localize the incident electromagnetic radiation in order to
create a change in local constitutive parameters and possible nonlinear responses.
Hence, in next generation engineered materials, an accurate determination of cur-
rent distribution on the surface and in the structure’s volume play an important role
in describing and designing desired properties. Multipole expansions of the exact
current distribution determined using principles of differential geometry provides an
elegant way to study these local interactions of meta-atoms. The dynamics of the
interactions can be studied using the behavior of the polarization and magnetization
densities generated by localized current densities interacting with the electromagnetic
potentials associated with the incident waves. The multipole method combined with
propagation of electromagnetic potentials can be used to predict a large variety of lin-
ear and nonlinear physical phenomena. This has been demonstrated in experiments
that enable the analog detection of sources placed at subwavelength separation by

using time reversal of observed signals. Time reversal is accomplished by reversing
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the direction of the magnetic dipole in bianisotropic metasurfaces while simultane-
ously providing a method to reduce the losses often observed when light interacts

with meta-structures.
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CHAPTER 1: INTRODUCTION

The study of origin and behavior of electric (E(r,t)) and magnetic (H(r,t)) field
vectors underpins the investigation of interactions between electromagnetic waves
and materials. In three dimensional vector notation, Maxwell’s equations [1] provide
a relationship between the field vectors, electric displacement (D(r,t¢)), magnetic
induction (B(r,?)) and the current density (j(r,t)) allowing a unique determination

of field vectors from arbitrary current distribution.

V -D(r,t) = p(r,t) (1.1)
V- B(r,t)=0 (1.2)
0
V x E(r,t) + gB(r,t) =0 (1.3)
0 .
V x H(r,t) — aD(r, t) =j(r,t) (1.4)

However, these equations have to supplemented with constitutive equations or ma-

terial equations which describe the behavior of materials under the influence of fields.

D(r,t) = € -E(r,t) + ¢ - H(r, 1) (1.5)
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The nature of permittivity (€), permeability (jz) and cross-coupling (E & E) tensors
determine the response of materials to incident electromagnetic wave. For an isotropic
medium, the permittivity and permeability are scalar quantities and cross-coupling
terms are zero. Hence, the electric field vector is parallel to electric displacement
and the magnetic field vector is parallel to magnetic induction. A material can be
electrically anisotropic if the permittivity is a tensor quantity and permeability is
a scalar then electric field vector may not be parallel to electric displacement and
if permittivity is a scalar and permeability is a tensor quantity then magnetic field
vector may not be parallel to magnetic induction rendering the material magnetically
anisotropic. A material can be both electrically and magnetically anisotropic if the
both permittivity and permeability are tensor quantities simultaneously and the cross-
coupling terms are zero.

For isotropic and anisotropic materials, the constitutive relations relate both elec-
tric quantities and magnetic quantities to each other. However, a bianisotropic ma-
terial provides cross coupling between the electric and magnetic fields as shown by

constitutive relations (1.5 & 1.6) re-written as,

D

I
(@)

(1.7)

=T Mme

E
H

N g
T o

B

<>

The functional dependence of the constitutive matrix (C) determines the type of
materials, if (E depends on field vectors then the material is nonlinear. If ((% depends
on spatial coordinates then medium is inhomogeneous and material is dispersive if (Hj
depends on time derivatives [2].

The propagation of electromagnetic waves in vacuum or material medium is gov-
erned by wave equations which can be derived from the Maxwell’s equations. For
an isotropic, homogeneous and non-dispersive medium, the wave equation for electric

and magnetic field vectors in presence of source current density is given by



0? 0.

V xV x E(r,t) + EM@E(r,t) = —/La‘](r,t) (1.8)
o?

V x V x H(r,t) + EM@H(I‘J) =V x j(r,t) (1.9)

Using the vector identity, V x Vx = V(V:) — V? and equation 1.1, the wave
equations describing the propagation of electric and magnetic field vectors originating

from the source current and charge densities becomes,

o? 1 0
2 o - — .
VIE(r,t) — eum s B(r,t) = —Vp(r,t) + poi(r, t) (1.10)
82
V2H(r, 1) — ep—H(r, 1) = —V x j(r, 1) (1.11)

ot?
These equations can be simplified using the continuity equation which provides a

relationship between charge and current densities.

%p(r,t} =0 (1.12)

V-j(r,t) +

It is imperative to realize that the source current density has both space and time
dependence, especially in the study of scattering from an object. Usually during
calculations, the total fields observed are assumed to be the superposition of incident
and scattered fields. The scattered field is calculated by assuming that the scattering
object or scatterer acts as the source being driven by the incident fields. Boundary
conditions are an essential piece of the puzzle for understanding the propagation of
electromagnetic fields through an interface of two media. Using Gauss’ and Stokes’
theorem boundary conditions for tangential and normal components of the fields can

be derived which has been discussed in detail in chapter 3. Boundary conditions

play an important role in establishing the general coordinate system for scattering
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problems as they depend on the geometry of the boundaries. In the simplest case,
a boundary can be a plane surface separating two semi-infinite media or much more
complex bounded material such as spheres or cylinders. Quite often, the field inside
the scattering object is not studied in detail as simplifying approximations such as
perfect electrical conductors (PEC) and lossless dielectric medium are used.

In literature the overall size (as) of the scattering object relative to the incident
wavelength (\g) is the main parameter that determines the type of scattering mech-
anism to study the interaction but geometry of the scattering object is ignored. The
type of interactions can be described succinctly by a relative dimensionless scattering

parameter which is defined as,

~Us (1.13)

If the size of the scattering object is much smaller than the incident wavelength
or s << 1, then the interaction is characterized as Rayleigh scattering. Interaction
with scattering objects with sizes comparable to the wavelength or z, ~ 1 fall into
the category of Mie scattering. The figure 1.1 gives examples of common objects and
the category of the scattering depending on the wavelength of interacting fields. It is
evident that the same object can fall into Rayleigh or Mie type scattering depending
on the variation of the incident wavelength.

In order to solve the scattering problem boundary conditions have to be imposed
on the scattering surface which requires continuity of tangential components of the
electric and magnetic fields, assuming the surface current is zero. In general, closed
form solution for scattering from arbitrary objects does not exist and fields are writ-
ten in the integral form. However, scattering from simple geometries such as spheres
or infinite solid cylinders can be analyzed analytically. Theoretical solution for scat-
tering from spheres are widely known as Mie scattering because of the well known

solutions published by Gustav Mie [3] which can be modified to analyze other dielec-
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Figure 1.1: Primitive illustration of different types of scattering based on object size
and incident wavelength without considering effects such as, absorption.

tric or conducting structures such as infinite solid cylinders. The formulation of the
scattering problem can be simplified and generalized by using vector harmonics and
electromagnetic potentials discussed in chapter 3.

The effects of geometry and nature of incident electromagnetic waves on scattering
becomes very important for the study of metamaterials where the values of constitu-
tive parameters can be engineered. The inception of the idea of negative constitutive
parameters for materials can be credited to V. G. Veselago in 1968 [4], who first
showed that the principles of electrodynamics do not restrict the permittivity (e¢) and
permeability (u) to positive values. His work paved the path for the existence of
left-handed materials where the permittivity and permeability values can be negative
simultaneously. In the simplest case, the phase and group velocity in left handed ma-

terials are opposite to each other which was first discussed in 1904 [5]. The interest
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in negative refractive index was renewed by the research to increase the resolution
of a lens and the theoretical evidence that negative index can produce a perfect lens
[6]. The modern era of metamaterials was ushered by the first experimental evidence
of negative index at microwave frequencies |7] and later at optical frequencies [8].
Similar to every new area of research metamaterials has peaked interest of a large
section of the physics and electrical engineering community and a plethora of papers
have followed presenting new applications of metamaterials.

The defination of metamaterial is still very vague but can be understood as mate-
rials possessing properties that are not available in natural materials such as strong
response to magnetic fields at optical frequnecies 9], light trapping structures [10, 11]
and slow light propagation [12]|. The crucial role of resonances to achieve negative
values of permittivity and permeability can be traced back to the work of N. A.
Khizhnyzk [13]. Hence, the design of elementary components of metamaterials or
meta-atoms (MA) which are essentially resonators to obtain a desired response is
crucial to the study of metamaterials. The optimal size of the unit cell compared to
the wavelength is still debatable and experiments have shown that the meta-atoms
do not have be deeply subwavelength as initially percieved. With careful choice of
the geometries of the resonators and material for meta-atoms macroscopic response
to incident field can be tailored for specific applications such as negative refraction
[14, 15], and optical cloaking [16]. The area of research has been extended to other op-
tical phenomenon which can affect the off-diagonal elements of the constitutive tensor
(2 & Z) to achieve optical activity [17], chirality induced negative index [18, 19|, and
amplification of evanescent waves |20, 21]. Despite the anticipated exotic properties
of metamaterials, the design and characterization of these materials can be under-
stood by studying the simple building blocks and thin mutual interactions as shown in
figure 1.3. There are three main components to the study of metamaterials, material

Axd

response (C) at operating frequency (w), effects of geometry on the material response
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(C(r)) and interaction among neighboring meta-atoms or multiple scattering events.
In addition, study of metamaterials requires understanding of effects of bandwidth

and errors in fabrication to create meta-devices.

(a) Simple meta-atom (b) Complex meta-atom (c¢) Meta-molecule

Figure 1.2: Building blocks of metamaterials

(a) Meta-chain (b) Meta-surface (c) Meta-material

Figure 1.3: Various arrangements of meta-structures leading to different kinds of
metamaterials.

At the microscopic level metamaterials are composed of structures or resonators
smaller or on order of the wavelength (meso-scale). These structures can be as sim-
ple as rods and can be termed as meta-atoms. The complexity of structures can be
increased to achieve more exotic properties such as chiral and bianisotropic response
to incident fields (see figure 1.2). These structures can be arranged one dimension to
design a meta-chain and even though the structures are arranged in one dimension,
the entire arrangement still has materials distributed in three dimensions interacting
with the electromagnetic waves. Similarly, two dimensional arrangement is called
a meta-surface and three dimensional structures are called meta-materials. The di-

mensionality in the analysis of these systems is very important in order to capture
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the effects of multiple scattering events on the phase and effects of geometry. The
mathematical modeling of a meta-surface in two dimensions is not totally accurate
because the meta-atoms may be arranged two dimensions but locally the the inter-
action occurs in three dimensions. Hence, in order to capture the effects of multiple
scattering the modeling has to be done with consideration given to all three dimen-
sions of a meta-atom with the limit of third dimension approaching to zero at the
end of calculations as discussed in chapter 4.

The response of metamaterials composed of metallic meta-atoms is largely based
on plasmon resonances supported by the structure. On application of electric field,
conduction electrons are displaced from their equilibrium position causing polariza-
tion and the core ions creating a restoring force. Hence, applying a time varying field
the motion can be modelled as Lorentzian oscillator with peak at resonance frequency
with phase shift of m across the spectral width of the resonance. For small particles
the electric field penetrates the whole volume of the meta-atoms, creating a complete
dipolar response with resonant frequency depends on material, and the surrounding
environment [22|. However, when the thickness of these structures becomes greater
that skin depth the electric field is restricted primarily on the surface giving rise to
multipole resonances making the response more sensitive to the geometry. Analytical
results for spheres [3] and ellipsoid exists but other complicated shapes, especially
shells are largely unexplored. Interesting physical phenomenon can be observed when
two meta-atoms are brought closed to each other. The near field interactions can lead
to creation of symmetric and asymmetric modes relative to the individual dipoles.
The individual modes get altered by the presence of neighbors which alters the field
distribution and hence affecting both electric and magnetic polarizabilities. The in-
teraction can be classified in three categories, first the meta-atom separation is of
the order of the resonance wavelength which leads to diffractive far-field interactions

between the meta-atoms of the array and interfere constructively, leading to collec-
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tive modes known as surface lattice resonances. Second, the meta-atom separation
is smaller than the resonance wavelength, but meta-atoms are still sufficiently well
separated that near-field-mediated interactions are small. Third, the meta-atom sep-
aration is small compared with the resonance wavelength and near-field interactions
become very important. Modeling of these interactions becomes more complicated
when the thickness of the meta-atoms are greater than skin depth which requires
careful consideration of geometry for accurate calculation of interactions and field
induced in the structures. The issue of skin depth in curved geometries is discussed
in detail in chapter 4.

There is still an ambiguity about the best method for designing and characterizing
metamaterials as the analysis becomes much more difficult near resonances. The
excitation of resonances can be studied using circuit theory and can be modeled by
LC resonances. There are few fundamental techniques for modeling such as, use
of coupled dipole equations [23|, and effective medium theory based on inclusions
[24]. Transformation optics |25, 26] where the variation in refractive index n(r) is
represented as coordinate transformations is also used in design of metamaterials and
invisibility cloaks. It provides a way to deal with electromagnetic waves bending in
curved spaces but has certain limitations in the formalism such as permittivity and
permeability values have to be equal ¢ = u. We want to develop a much more robust
method where the constitutive parameters are not restricted to certain values and
can deal with presence of cross-coupling terms. Theoretical framework presented in
this dissertation is inspired by experiments hence, extensive efforts have been made
to relate the theory to the experimental observations.

The most common techniques used in metamaterial design are differential Maxwell’s
equation solvers such as finite difference time domain simulations [27], finite element
methods and Fourier modal methods. Effective medium method where local interac-

tions are averaged to calculate effective material parameters are often used to analyze
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metamaterials. It is assumed that the local interactions are static in nature and the
spatial variation is negligible hence, it can be assumed to form a composite making
the details of the structure insignificant. Green’s functions can be used to solve for the
fields originating from the current densities and hence, are capable of capturing the
details of individual interactions. In the limited fundamental literature, Green’s func-
tions seem to be the thread that ties all the physical phenomenon with the geometry
in the study of metamaterials. It provides an elegant way to model field distribution
originating from meta-atoms and effects of meta-surfaces of arbitrary shape. It allows
to encompass the vast variety of metamaterials being operated at radio-frequencies
to quantum metamaterials in single formulations. Hence, Green’s functions combined
with effect of coupling should provide a good platform to charaterize the response of
metamaterials from physical point of view. However, homogenization leads to loss of
capability of engineering individually the local interaction for desired global response.
Other techniques such as boundary layer method and dipole or multipole approxi-
mation methods are also used in metamaterial design. Despite the availability of
variety of numerical techniques and software the analytical description of metamate-
rial design is still not well developed. There are recent publications [28, 29, 30| that
point towards the need to develop a better physical understanding of metamaterials
in order for the area of research to mature. There has been a growing uncertainty
about the accuracy of finite element programs, such as COMSOL [31] to capture all
physical phenomenon involved in interaction of meta-atoms with the incident field.

Currently, methods available are not capable of characterizing the whole range of
interactions as the dynamical picture of interactions has not been studied and formu-
lations for constitutive parameters based on geometry of structures are non-existent.
The torrent of research published in the metamaterials area is largely dependent on
software tools to understand the key components of the interaction. An analyti-

cal method for mapping structure to function is not available and mesh-dependent
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finite-element analysis by commercial software is typically used to understand the
propagation properties of the problem. Various homogenization methods are used to
simplify the computations, such as assuming an infinite lattice and approximating
meta-atoms by dipoles averaged over the unit-cell volume [32, 33]. Multiple or recur-
rent scattering among adjacent meta-atoms are not considered in analytical models
and the meta-atoms are assumed to be driven only by incident radiation. No funda-
mental limits have yet been determined for interactions depending on size and wave-
length for metallic and dielectric meta-structures. These structures are considered
two dimensional for numerical experiments when dimensions much smaller than the
wavelength but physically interactions occur in three dimensions. Bianisotropic prop-
erties of structures are typically ignored in order to simplify the framework [34]. The
current methodology has numerous limitations, since the different computation-based
approaches have led to models approximately describing individual physical problem
which are not generalizable. Current methods cannot be used for accurate analysis
of bianisotropic structures or to decompose the interaction in to various modes of a
multipole response. Effects of size and local surface curvature on power absorbed and
emitted, and internal losses and collective effects have not been discussed. Methods
for classification of different meta-structures and an overall framework relating all the
local phenomena to an observed far-field response are not available. The study of
non-linear effects is mostly perturbative in nature but recent work with anapoles [35],
oligomers, and toroidal dipoles [36] have showed a path towards modeling strong non-
linearities. Metamaterials have thus far been used as a way to manipulate waves but
not as a source of radiation. There is lack of holistic methods for analyzing the entire
2D and 3D arrangements incorporating ensemble effects and localization of photons.
The approach being built in this dissertation links observed far-field behavior to local
resonant /non-resonant light-matter interaction. The main foundations of this mul-

tifaceted approach can lead to a classification hierarchy of structures that would be
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generally useful as a starting point in future analyses.

The advent of metamaterials has increased the complexity of the physics of light-
matter interactions creating gaps in knowledge and violating various approximations
making the usual mathematical frameworks incomplete. In order to build an accurate
understanding of interactions it is necessary to revisit basic frameworks and build a
bottom-up analysis of interactions. The individual structures or meta-atoms are
designed to localize the incident electromagnetic radiation in order to create a change
in local constitutive parameters. Thus, we develop a theoretical framework for the
dynamics of the total system which consists of the incident electromagnetic field and
the current distribution in meta-atoms. The localized current densities can interact
with each other and alter the individual dynamics creating perturbation in global
effective constitutive parameters for 2D and 3D arrangements of such meta-atoms.
Precise calculation of such interactions can be analyzed by the change in dynamics
on an individual meta-atom due to scattered field from adjacent structure. Such
detailed description of dynamics of meta-atoms can be used to describe strong non-
linear interactions and possibly a way to develop a metamaterial-based radiation
source.

The majority of meta-atoms are metallic and the current induced in these structures
plays a crucial role in accurate determination of scattered field. The traditional theory
of skin depth may not be sufficient to explain the interaction when the size of meta-
atoms becomes comparable to the operating wavelength and the thickness of the
structures becomes deeply sub-wavelength. In the experiments conducted we have
observed some abnormalities in the scattered field from cylindrical shells when the
contents are altered which can be inferred as an effect of variations in skin depth.
If we are able to excite Fabry-Perot type resonances then the transmission can be
increased as evident in Fabry-Perot cavities. This raises a question about the effect

of geometry in the distribution of current in conductors with finite conductivity. For
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ease of calculation in majority of the research, metals are assumed to have infinite
conductivity but as we know from calculation of transmission in cavities a slight
deviation from 100% reflectivity leads to a large transmission. Hence, similar resonant
effects can lead to modification of the skin depth in finite conductivity calculations
which opens the avenue for skin depth engineering. Modal analysis has shown the
existence of resonances at certain frequencies but the analysis becomes increasingly
cumbersome when the geometry becomes more complex which makes it imperative
to develop a framework that capable of handling complex geometry using differential
geometry. The wave equation in curvillinear coordinates provides a way to deal
with propagation of electromagnetic waves through curved spaces and modifying the
boundary conditions, a framework to deal with bounded spaces necessary for meta-
atoms of arbitrary complexity is developed. Geometry introduces a non-linearity
combined with evanescent fields and multi-pole response due to thickness to produce
non-linear response. There have been papers showing that negative index can be
achieved away from resonances by exploiting chirality and biansotropy. This can
pave the path for low loss metamaterials for applications in time reversal and digital
circuitry [37].

A simplistic views of light interactions with meta-structures can be understood by
studying the eigenmodes supported by antennas which are used to convert localized
current density or energy into electromagnetic radiation and wvice versa. On the other
hand, meta-atoms are designed to localize energy from an incoming electromagnetic
field to alter the local effective material parameters as the waves propagates through
the structures. The size of meta-atoms are dictated by the operating wavelength.
At optical wavelengths a sufficiently long rod antenna can support fundamental half-
wavelength eigenmode and higher-order modes when it is folded into more complex
shapes, see figure 1.4. Deformations have two main effects: shift the resonance fre-

quency due to modified dipolar interactions between the ends of the antenna, adding
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a degree of tunability, and change the symmetry of the antenna, so that formerly
dark modes may couple to incident light for appropriate directions of the incident
electric field. Such dipole formulation assumes that field penetrates the entire volume
of meta-atoms. The skin effect can be included by using multi-pole approximations
but still does not capture all physical phenomenon involved in interaction of field with

the structures.

\p&

m(r,t)

(a) Rod (b) V-shaped

p(r,t)

(c) Split ring (d) Split ring

Figure 1.4: Evolution of eigenmode: As the geometry of the meta-atom is changed the
charge distribution changes which in turn changes the electric and magnetic dipoles
asscociate with the structure. The geometry can be further tuned to produce higher
multipole moments such as quadrupole.

The phase shift between the scattered and incident light in an antenna can be
qualitatively studied by classifying the size of the antennas (I,) (shown in figure 1.2a)
with surface plasmon wavelength (\,,). If the antenna is very small (I,/\,, << 1),

then the charge distribution instantaneously follows the incident field (E;(r,t)),

p(r,t) o< Ei(r,t) = E;(r)e ™! (1.14)
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Hence, using Larmor formula [38], the scattered field (E(r,t)) from the antenna
is proportional to acceleration of charge density and it can be easily shown from

equation 1.15 that the incident and scattered fields are 7 out of phase.

&?p(r, )

ES(I', t) X T

x —w?Ey(r,t) (1.15)

With the increase in the size of antenna (l,/As, =~ 1/2), the incident field is in
phase with the current density (j(r,?)) at the center of the antenna therefore drives
the current most efficiently leading to maximum charge density at the ends of the
antenna. Hence the scattered field derived from equation 1.16 is 7/2 out of phase to

the incident field.

Fplr.t) _ di(r.1)
ot? ot

Eq(r,t) x —iwE;(r, t) (1.16)

For long antenna with length of antenna is comparable to the surface plasmon
wavelength (I,/\s, =~ 1) the antenna impedance is primarily inductive, hence the

incident and scattered field are in phase.

@p(r,t)  9j(r,t)

E,(r,t) « 52 < o

o Ei(r, t) (1.17)

Thus for fixed excitation wave, antenna impedance changes from capacitive to
resistive to inductive as the size of the antenna changes leading to phase shift of
0 — . The problem of scattering becomes complex when the incident field does not
penetrate the entire volume of the antenna and the charge density experiences force
due to incident field and restoring force from the rest of charges.

These systems of oscillating charges can be modeled using Lorentz oscillator model.
For analysis, consider localized charge density ¢ of mass m, located at x(t) at certain
time ¢t with spring constant k& being driven by an incident electric field at frequency

(w) with damping coefficient I'; due to internal damping. The equation below shows
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the force equation in one dimension

9?x(t)
ot?

03x(t)
ot3

0x(t)

+ I 5 + kx(t) = qE;(r)e™™ — T,

(1.18)

The charge density experiences an additional recoil force called Abraham - Lorentz
or radiation reaction force [38] which reduces momentum by emitting radiation, where

the force constant is given by I'y = ¢?/6meqc?.

o (1.19)

If the motion of the charge density is harmonic in time x(w,t) = xe™! where

wo = /k/m, then we can control phase over a range of 0 — 7.

q E;
m (@ — ) + 2(T, + wT,)

x(w,t) = (1.20)

In order to obtain control over the entire range of 0 — 27 and give ability to control
the polarization of the scattered field. This requires design of meta-atoms consisting
of two independent oscillators oriented orthogonally, for example V-shaped or split
ring meta-atoms, see figures 1.4b and 1.4c. But as the complexity of the meta-
atoms increases the oscillator model becomes more complex because of increasing
dimensionality of oscillators and imperfect penetration of the fields in the volume of
meta-atoms.

We have developed a new method of characterizing light-matter-interactions where
we determine accurate current distributions in a meta-atom described by multipole
moments which are used to develop the model for multipole analysis of the inter-
action with incident radiation. Interaction between various structures arranged in
two or three dimensions can be studied as a consequence of multiple scattering and
appropriate approximations can be made to simply the problem based on weak and

strong interactions. The dynamics of interactions can be studied by Lagrangian and



17
Hamiltonian formulations using charge distribution as the canonical variable and dis-
placement field and scalar potential as conjugate momenta under the Power-Zienau-
Woolley Transformation [39].

Building a bottom-up approach using principles of quantum electrodynamics helps
understand interactions on a minutiae level and set fundamental limits on interactions
using energy conservation principles. Introduction of metric tensor, Gaussian and
mean curvatures provide a way to study interactions in three-dimensional structures
which can be adapted for 2.5-dmesnisonal analysis by changing the metric tensor.
Using these fundamental principles, we can analyze interactions of unit structures in
metasurfaces and metamaterials. Strong scattering among these unit structures can
lead to localization of electromagnetic energy, super- and sub-radiant modes of the en-
semble which consequently affects the radiation/decay rate of meta-atoms which can
only be accounted by this rigorous method. Studying the dependence of current dis-
tribution on curvature provides an opportunity for skin depth engineering in metallic
and dielectric structures using curvature and multi-layered materials, respectively.

Decomposition of current densities into time- and space-dependent functions can
be used to map structure to function and function to structure. The analysis of
eigenmodes that are supported by the structure can be generalized by methods of
differential geometry. This approach can be used to map structure to function and
the inverse problem of mapping function to structure can be done by exploiting the
presence of or lack of symmetry in a structures or ensemble by using group theory.
This can form the basis of classification of response to incident radiation based on
geometry of the structure [40]. This method can be adapted for metallic or dielectric
meta-structures since functional forms for permittivity and permeability have been
used for constructing the framework. The parameterization used for calculating the
metric tensor of the structure can be changed based on the symmetry of the bound-

arles. The metric tensor can be defined such that one of the dimensions can be
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separated, enabling a simplified analysis of 2.5D structures as described in chapter 4.

The method developed is a completely new way to characterize and tailor the linear
and non-linear properties of metamaterials where the interaction of incident light
and structures expressed by the Lagrangian and Hamiltonian formalism with single
dynamic variable with the units of charge. Current distribution in meta-structures
of arbitrary geometries represented by multipole moments enabling the multipole
expansion of scattered field and providing tools to tailor the collective response. This
moves the state-of-the-art forward and away from computational and perturbative
models for such interactions. Since the polarization density has a time and space
dependent part the modes supported by the structure can directly be determined by
eigenmodes corresponding to that geometry. The interaction between various modes
can be leveraged to produce novel non-linear effects in materials. Exploiting the
presence and lack of symmetry using group theory, inspired by classification molecules
in chemistry, provides a way to classify meta-structures and maps observed function
to structures.

The multipolar analysis of the interaction opens up an avenue for study of interac-
tion between various modes in order to enhance second or higher order response. We
study the effects of surface and bulk discontinuities for time reversal applications. The
accurate analysis of multiple scattering can lead to identification of sub-radiant and
super-radiant modes of the ensemble, which can be used to create bianisotropic meta-
surfaces where the reversal of magnetic dipoles can be used to achieve time reversal
which is discussed in chapter 5.

This theoretical formalism combined with computational verification can open
doors to modeling strong non-linearity and provide a way to move away from pertur-
bative models for non-linear applications. Research has shown their advantages for
non-linear applications [41] such as second harmonic generation by exploiting modal

interactions. Even though it is not discussed in this work, investigation of the en-
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hancement in magnitude of non-linear processes using epsilon-near-zero materials has
been suggested in the literature [42]. The method developed here can be extended
with the help of numerical experiments for wave mixing to demonstrate the extreme
nonlinearity which can surpass the capabilities of perturbative models [43]. Treatment
of meta-atoms as discrete entities can pave the way for design of metamaterial lasers,
as certain eigenmodes in a structure can be excited by incident wavelength and the
localized electromagnetic energy can in turn excite an eigenmode of a different geom-
etry with gain medium and such composite geometry can be basic building block of
lasers. Such hybrid nanoparticle architecture has already been used to demonstrate
spaser-based nanolaser [44]. Hence, this bottom-up approach has clear advantage
against present computational techniques, since it treats the individual meta-atoms
with accurate current distributions and provides clear parameters that can be manip-

ulated in an experiment to verify the method and engineer new properties.



CHAPTER 2: SCATTERING EXPERIMENTS

Theoretical study of scattering is arduous and often cannot be accomplished analyt-
ically, hence numerical methods along with experiments are used to analyze scattering
from various structures. In practical situations, it is desirable to predict the geom-
etry and composition of the scattering object. Extensive research has been done to
solve the inverse problems [45] of obtaining the structure of objects from scattered
field data. In general, inverse scattering problems can be divided into two categories
depending on the interaction of waves with the scattering object namely, weak and
strong scattering. Weak scattering occurs when the incident wave interacts with the
object once and undergoes little perturbation as it propagates across the object. In
this case, the field inside the scattering object can be approximated as incident waves
and can help linearize the problem, which is exploited by Born and Rytov approxi-
mation methods to find a solution [46]. In these methods, it is often required that
the material parameters or refractive index do not change rapidly on the scale of the
wavelength. However, when the incident waves inside the scattering object scatters
multiple times and significant perturbation occurs then the interaction is character-
ized as strong scattering and the formulation becomes nonlinear [47].

In a typical two dimensional scattering experiment there are fixed number of re-
ceivers or receiver locations around the center of the scattering object which measure
the distribution of fields as a function of angle. In figure 2.1, the scattering object of
volume V' (r) interacts with a plane wave propagating in z direction and the scattered
field is captured by detectors placed at various locations. Ideally, the scattered field
should be measured around the object but in practical situations the measured field is

restricted to certain angles for both forward and backward scattering measurements.
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The issue of incomplete data along with the issue of convergence and degenerate

solutions make inverse problems extremely difficult to solve without linearizing ap-

proximations.
Detector
.......000000000000. v, Positions
,gf. Backward Forwa.r d .....’~.
& /~Scattering Scattering < *,
: Field
: —> oz : detected

Figure 2.1: Simplistic view of general scattering experiment illustrating approximate
regions of forward and backward scattering where the red dots show the positions of

detector.

The complexity of the problem increases manifold when the scattering object size
becomes comparable to the incident wavelength and the fields starts to interact with
the object strongly. The internal fields can no longer be approximated as incident
waves but has to be calculated precisely in order to explain the far field patterns at
meso-scale. In this chapter, first we will discuss scattering experiments from various
objects and then discuss in detail the issue of internal field for a metallic shell and
enhancement in skin depth which can produce a large change in far field scattering

pattern.

2.1  Experiments

In order to understand the effect of change in geometry on the far field scattering

patterns, we have studied scattering patterns from various structures. A standard
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scattering experiment was performed using spheres, cylinders and other everyday
objects as scatterers. Figure 2.2 shows the setup with a Gunn diode microwave
source emitting at 10.5 GHz and the detector reading the values of scattered fields in
mA during each scan which was later normalized with values without any scattering
object. The scattering profiles of several metallic spheres and arrangements were
studied. To study the nature of scattering from common objects such as metallic
sphere, a concentric dielectric sphere and cylindrical metallic shells were used. The
observed far field patterns matched with theoretical predictions for majority of the

cases except, cylindrical metallic shells.
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Figure 2.2: Schematic of the setup used in the experiment.
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2.1.1  Spheres

The rigorous analysis of scattering from solid spheres with varying radius is de-
scribed in Born and Wolf [48| hence, we will not discuss the formalism in detail here.
In the case of spheres with high conductivity or high dielectric constant; most of the
incident wave is scattered backwards or reflected. The intensity and polarization of
scattered light depends on the direction of observation of scattering and on three
physical quantities, incident wavelength (\g), radius of sphere (as) and the material
parameters which is derived from Mie theory. In case of very small particles where
the dimensionless scattering parameter z, — 0, the polar diagram of the intensity is
maximum at angles of 0 and 7 with respect to incident waves and minimum at a plane
perpendicular to the incident wave passing through the center of scattering object as
shown in figure 2.3a. As the radius of sphere increases the symmetry of scattering
pattern is broken and the field in forward direction increases which is termed as Mie
effect. Increasing the radius of the sphere composed of finite conductivity or dielectric
materials as compared to the incident wavelength the higher order scattering modes
start to appear as side lobes as shown in figure 2.3c. In the case where the size of the
scattering object becomes large as compared to the wavelength (z; >> 1) then the
interaction can be studied by geometrical optics.

First, spherical geometry was chosen for scattering experiments as exact solutions
are well known and can be used to verify the accuracy and reliability of the experi-
mental setup. The scattering profile of several spheres were measured and patterns
from two spheres are shown in figure 2.4 to illustrate the evolution of scattering modes
depending on the size of the sphere as expected by Mie type scattering object. Figure
2.4a shows scattering from a solid metallic sphere of diameter of 1.27 ¢m which cor-
responds to scattering parameter of x, = 1.4 at the incident frequency of 10.5 GHz.
Figure 2.4b shows scattering from a solid metallic sphere of diameter of 3.65 cm, cor-

responding to a scattering parameter of xy = 4 at the same frequency. The intensity



24

e e
VA
Incident Incident
Wave Wave vV (I')
(a) Particle with very small scatter-  (b) Particle with small scattering pa-
ing parameter (zs << 1). rameter (rs < 1).

Incident
Wave Vv (I‘)
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Figure 2.3: Scattering patterns from spheres of varying sizes and evolution of diffrac-
tion lobes with the increase of radius of scattering objects from (a) to (c).

profile of scattering vs angle from smaller sphere shows prominent forward scattering
and higher order scattering modes are barely visible. On the other hand, for the
sphere with greater radius intensity profile shows prominent forward scattering and
much more pronounced higher order scattering modes.

After studying the test case of solid metallic sphere we moved on to dielectric
spheres in order to study to effect of penetration of fields in the scattering volume.
We have chosen common everyday spherical dielectric objects as we are interested in
characterizing them from experimental scattered field data and combing it with exist-
ing inverse methods. In order to simulate a concentric dielectric sphere a golf ball was

used. Figure 2.5 shows intensity distribution scattering from the golf ball of diameter
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Figure 2.4: Scattering patterns from solid spheres.

4.24 cm, scattering parameter zs = 4.66. Even though there is a small increase in
scattering parameter from the solid metallic sphere, the higher order scattering modes
become dominant to the zeroth order forward mode. This can be attributed to the
superposition of scattering from various concentric layers in the ball. We have also
shown scattering from increasing larger dielectric spheres where the effects of increas-
ing the radius becomes evident along with the displacement of scattering from the
center of measuring arc translates into angular displacement of zeroth order mode.
The experiments performed on spheres have shown that the experimental setups
produce accurate results and can be used to study other geometries and multiple

objects.
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Figure 2.6: Illustration of scattering from multiple scattering objects.

2.1.2  Multiple Scatterers

In any scattering or imaging experiment the resolution is determined by incident
wavelength which means that any features that are subwavelength cannot be resolved
by traditional methods. Figure 2.6a illustrates an approximate spherical volume
of radius zy equal to the scattering parameter where determination of features of
subwavelength size i.e. inside the volume of the sphere becomes ambiguous.

In order to verify this experimentally, we used combinations of spheres from pre-
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vious experiment in various arrangements. It is well known that multiple scattering
severly hampers the capability of reconstructing the object from scattered field be-
cause individual components cannot be viewed clearly and introduces nonlinearity in

the inverse algorithms.
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(a) Scattering from two spheres of radius  (b) Scattering from spheres of radius
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(c) Scattering from spheres of radius 1.27¢m and one sphere of radius 3.65¢m
1.27e¢m placed A apart. in contact, as shown in figure 2.6b.

Figure 2.7: Scattering from multiple scattering objects.

It is evident from the figures 2.7a, 2.7b, 2.7c and 2.7d that scattering profile is
very similar to single sphere case. It very difficult to tell the number and position of
spheres involved in the process just from visual inspection of scattering pattern. This
coincides with the theoretical predictions that multiple scattering from similar objects

destroys the information about the arrangement of the object. The entire object
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behaves as an overall sphere composed of individual elements and the information
about subwavelength features is lost. From figure 2.7d, we can see a pronounced side
lobe with is due to the loss of symmetry in the setup due to displacement of smaller
spheres when larger sphere is placed. The multiple scattering is now evident from
the ambiguity in intensity profiles but gives an indication of the object arrangement.
The experiments performed show an excellent agreement with theoretical predictions
and prove that the setup built and it is configuration with respect to the laboratory

can be relied for other scattering experiments.

2.1.3  Cylindrical Shells

Figure 2.8: The first setup in which the variation in scattering due to level of fills of
liquid was measured. The shell was filled with water and the experiment was repeated
several times.

In order to study the effects of removal of the overall symmetry of scattering from
spherical objects we started to study cylindrical objects. Scattering from cylinders
is also well studied analytically but generally under the assumption of infinitely long
solid cylinders and perfect conductivity in case of metallic cylinders. In our experi-
ments, we have used cylindrical shells of finite length and radius comparable to the
wavelength. Different right circular cylindrical shells (shown in figure 2.8) such as,

unopened (sealed), opened, and top cut off with different fill levels of liquid inside the
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shell were used and results obtained did not match the theoretical predictions. The
diameter of the cylinders was 6.6 cm and height 15.72 ¢m, corresponding to scattering
parameters of x,, = 7.25 and x; = 17.33, hence the interaction can be characterized as
strong Mie scattering. Scattering patterns from such cylindrical shells have been pre-
sented in figure 2.9. The angular position of nodes for the scattering pattern coincides
with the theoretical calculations. But when the liquid inside the shell is changed or
the quantity is varied the scattering pattern changes as can be seen from figures 2.9a
and 2.9b. The value of the zeroth order scattering mode decreases when the shell is
full indicating absorption and the first order diffracted beam increases indicating a

redirection of energy.
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Figure 2.9: Scattering patterns from cylindrical shells.

The area under the curve representing the total energy in the scattered fields is

greater in the case of empty shell than the shell filled with liquids which can be
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interpreted as absorption by the liquid. The issue of waves creeping in the shell
from the top was resolved by performing experiments on a half filled sealed shell
which produced same pattern as half filled taped shell. The experiment was repeated

multiple times and same results were obtained which eliminates issues of setup errors.
2.1.4  Inference of the Experiments

The angular vertical and horizontal beamwidth is obtained by

D)
="
Con (2.1)
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a

Figure 2.10: Diagram of the setup representing the distance and beam-size at the
scattering object location.

The change in the scattering pattern due to change in the contents of the cylindrical
shell can be attributed to penetration of fields deeper than skin depth. The wall
thickness of the shells are 500 um and it is composed of an aluminum alloy Al6061 with
conductivity of 3.57 x 107 Siemens/m. It is well known that when an electromagnetic

wave is incident on metals, its penetration is limited to the material’s skin depth,
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hence providing some degree of shielding the contents inside the shell. The depth of
penetration or skin depth is defined as (see Appendix A for derivation)

2
0s =] — (2.2)

o pw

Skin depth formula is calculated assuming conductor in semi-infinite half plane and
substituting the material parameters gives the skin depth 2 um. Skin depth decreases
as frequency increases due to shielding from metallic objects. However, it is known
that Fabry-Perot resonances cause increased transmission in conducting plates thicker
than the classical skin depth. Similar resonant behavior can be expected for the
cylindrical conducting shells. Shells were filled with water up to various levels, hence
the entire system is not symmetric which can enhance Fabry-Perot like transmission
via frustrated total internal reflection which has been studied in great detail later in
the chapter.

The geometry of the cylindrical shell is an important factor in possible perturbation
of the penetration of electromagnetic fields. Both radius and length of the cylinders
are the order of wavelength making it imperative to solve the full wave problem.
The curvature of a scattering structure now becomes important in exciting surface
currents. It is clear from a deeper review of literature that the exact solution of the
skin effect problem depends on shape of conductor and nature of excitation [49]. The
surface currents generated by the incident field can generate additional surface cur-
rents which can be represented by series of non interacting basis functions which are
independent of each other. For a given geometry, two or more of these propagating
and possibly counter propagating currents can be shown to combine leading to en-
hanced penetration of the scattering structure. The finite length of shells used in the
experiments makes the analysis a 3D scattering problem. The solution for the fields
and complete description of scattered field requires the calculation of the Green’s

function. The use of potentials instead of fields makes the calculations easier which
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has been discussed in chapter 3. In the next section, rigorous calculation has been
used to corroborate initial results of resonance induced transmission and the effect of

geometry on scattering.
2.2 Skin Depth

Maxwell discovered that the voltage required to force a time varying current through
a wire increases more than could be explained by inductive reactance. He explained
this phenomenon as being caused by a departure from uniform current density on the
surface [50]. The depth of penetration is defined as the depth at which the current
density (or magnetic flux) is attenuated by 1 Napier (in the ratio 1/e = 1/2.72, or -8.7
decibels). At the same depth, its phase lags by 1 radian, so d, is 1/27 wavelength or
1 radian length in terms of the wave propagation in the conductor. This study of this
effect was followed up by Heaviside, Rayleigh and Kelvin and came to be known as
skin depth because the current is concentrated in the outer surface of the conductor.

In any conductor carrying alternating current, the magnetic field around the axis
of the conductor produces variations in current density. In an isolated conductor
current tends to flow on the outermost part and this effect becomes enlarged when
frequency increases and section of conductor becomes large. In round wire or tube
current is concentrated in the outer skin known as skin effect and in flat isolated
strips of current is concentrated near the edges known as edge effects [50]. It is shown
that at high frequencies current decays towards the center of the conductor, being
confined effectively to the surface layer so that the resistance of the conductor was
the same as if composed of surface strips of thickness.

A slab of conductive material to be used in describing the skin effect, the current I
is concentrated in the upper surface. The total current is given by the integral of the
current density in the conductive medium. This integral calculated from the surface
into the medium is a decaying spiral in the complex plane, which rapidly approaches

its limit if the thickness is much greater than the depth of penetration. The total
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current is therefore given by the integral for infinite depth, over the width w:

. < . > . . i _iowés
[—w/o zdz—zow/o exp(—(1 +j)53)d2— 5 (2.3)

The voltage V' on the surface along the length of the conductor is obtained from
the current density and the volume resistivity V' = iplpy,. The internal impedance

or surface impedance is computed from this voltage V' and the current I, where

0s = 4 /wz% which is traditional skin depth.

pl
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z2=Y (145

- (2.4)

The internal inductance is the part of the total inductance which is caused by

magnetic flux in conductive medium. It is computed from the internal reactance

— Ly (2.5)

This is the inductance of a layer of the conductive material having a thickness of d,/2,
one half the depth of penetration. This merely means that the mean depth of the
current is one-half the thickness of the conducting layer. Some inductance formulas
carry the assumption that the current travels in a thin sheet on the surface of the
conductor, as if the resistivity were zero. Such assumptions are usual for transmis-
sion lines, waveguides, cavity resonators, and piston attenuators. Such formulas can
be corrected for the depth of penetration by assuming that the current sheet is at a
depth 65/2 from the surface. This is the same as assuming that the surface of the con-
ductor recedes by the amount %% The current follows the path of least impedance
and because the impedance is mainly inductive reactance, in the common cases, the
current tends to follow the path of least inductance.

In a ring, for example, the current density is greater on the inner surface. If

the effective thickness exceeds twice the depth of penetration, the accuracy of the
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above impedance formulas is sufficient for most purposes, within two per cent for a
plane surface. The incremental-inductance rule is a formula which gives the effective
resistance caused by the skin effect, but is based entirely on inductance computations.
Its great value lies in its general validity for all metal objects in which the current and
magnetic intensity are governed by the skin effect. In other words, the thickness and
the radius of curvature of exposed metal surfaces must be much greater than the depth
of penetration, say at least twice as great. The incremental-inductance rule states,
that the effective resistance in a circuit is equal to the change of reactance caused
by the penetration of magnetic flux into metal objects. Experiments on cylindrical
shells reveal that the analysis of light interaction with metallic shells maybe missing

an important parameter, geometry which has been analyzed in the next section.
2.3 Modal Analysis

The analysis for the ring geometry can be done by dividing the space in three regions
(see figure 2.11), region 1: outside the ring (r > b), region 2: the ring (a < r < b)
and region 3: inside the ring (0 < r < a). There are no localized charge density in
entire system, thus p = 0 in Maxwell’s equations. Here for the ease of calculation,
we consider two dimensions in space - frequency domain (z,y,w) for an incident field

*i‘“t) dependence and all other fields should have same

which has time harmonic (e
dependence.

The material equations for scalar, homogeneous, isotropic and non-dispersive ma-

terial with conductivity (o) is given by,

B(r,t) = pH(r,t) (2.6)
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Z Region 1 Y

Region 1 : ]
Region 2 E‘— Region 2
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Incident . Incident T Region 3
Wave Region 3 Wave E

(a) Cross section of cylindrical shell. (b) Cylindrical shell.

Figure 2.11: Geometry of cylindrical shells.

The corresponding Maxwell’s equation becomes,

V-D(r,t) =0 (2.7)

V- -B(r,t) =0 (2.8)

V x E(r,t) = —%B(r,t) (2.9)

V x H(r,t) = J(r, 1) + %D(r,t) (2.10)

The wave equations for electric and magnetic fields vectors can be derived from
equations above using vector identities V x Vx = V(V-) — V? and replacing the time

derivative by —iw in the frequency domain,

V2E(r,t) + iwp(o — iwe)E(r,t) =0 (2.11)

V2H(r,t) + iwp(o — iwe)H(r,t) = 0 (2.12)
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The annular ring is composed of metal with finite conductivity and surrounded by

dielectrics. All three regions can be characterized by material parameters,

1. Region 1, free space: €; = €g, pt1 = pio, 01 = 0, k% = w?ey

V2E(r,t) + kIE(r,t) = 0 (2.13)

2. Region 2, metallic annular ring € = €3, 1 = pg, 09 = 0, k3 = iwp(o — iwe)

V2E(r,t) + k3E(r,t) = 0 (2.14)

3. Region 3, inside the ring € = €3, u = pig, 03 = 0, k2 = w?e3u3

V2E(r,t) + k3E(r,t) = 0 (2.15)

Consider, the incident TM field polarized in z traveling in x, E(r,t) = 2FEyer* !,
The wave equations for all the regions can be solved in cylindrical coordinates using
cylindrical coordinate system, assuming infinite cylinders the electric field can be
written as, FE(r,¢) = R(r)®(¢).

For azimuthal direction

0?P

Er +n*® =0 (2.16)

For radial direction

R 10R n?
onr IO 2 MR g =123 2.17
or? T8T+<Z 1"2) ! T ( )

The solution of the equations are a set of linearly independent solutions called

Hankel functions which are sum of Bessel and Neumann functions. Conventionally
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outgoing waves are represented by Hankel function of first kind (H,(Ll)(x)) and incom-
ing waves are represented by Hankel function of second kind (Hy(f) (x)) because of

properties of the functions at infinity.

HWY(z) = J,(z) + iN,(z) (2.18)

H(z) = J,(z) — iN, () (2.19)

In region 1, the total field is composed of incident field and outgoing scattered
field. Bessel functions are used to represent the incident fields under plane wave
expansion and Hankel function represent the outgoing scattered field which satisfies
the radiation conditions.

o

E.(r,¢) = Eo Y _ i"[Ju(kar) + a,H (kyr)e™ v >b (2.20)

n=—o0

In region 2, we have to consider both incoming and outgoing waves to capture
multiple scattering which is usually ignored in literature to ease calculation. For
calculation of metallic shells the argument of Hankel functions become undefined or
the value becomes extremely small which requires the series expansion which has been
discussed in detail in Appendix B. In the case of dielectric shells the values remain

bounded and does not require expansions in general.

E.(r,¢) = Ey Z i"[bp J (Kar) + o HD (kor)]e™ a <r <b (2.21)

n=—o00
Region 3 contains the origin and since Neumann functions are not defined at origin,

fields are defined only by Bessel functions.

E.(r,¢) = Ey Z i"dpJn(k3r)e™ 0 <r<a (2.22)

n=—oo
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Magnetic field vectors can be calculated using Maxwell’s equations, in region 1,

Ey 1

H,(r,¢) = Zwuo; Z ni" T, (ki) + an H 1 (k: r)]e™ r>b (2.23)
E > A
Hy(r,¢) = —wj/lj; > T (kar) + an YO (k)] e e > b (2.24)

In region 2, both incoming and outgoing magnetic waves

E - .

H,(r,¢) = M;O; Z i b Jy (ko) + cn HY (ko)™ b>r >a  (2.25)
Eoky & .

Hy(r, ¢) = —Z,:Mz > b (kar) + e HYD (kar)[€™® b > 1 > a (2.26)

n=—oo

In region 3, Magnetic fields inside the shell

Eo 1

- nJrld J k ing O 227
H.(r,¢) = TopaT n;m ni (ksr)e a>r> ( )
EOkS > -n / ing
Hy(r, ¢) = _iw,u Z i"dpJ) (ksr)e a>r>0 (2.28)
0 =—00

All the solutions in different regions can be stitched together using boundary con-
ditions for metals with finite conductivity with normal vector n = r and coefficients

for each mode can be determined as follows,

i x (Eo(r,t) — Ey(r,1)) = 0 (2.29)

x (Hy(r,t) — Hy(r,1)) = 0 (2.30)
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For the boundary at r = b,
Jn(k1b) + an HY (kyb) = by (kob) + ¢, HY (ksb) (2.31)

For the boundary at r = a
b Jn(k2a) + ey HY (kya) = d J, (ksa) (2.32)

Continuity of tangential magnetic field vector r = b
ki [J! (kb)) + an H'Y (kb)) = ko[bnJ?, (kob) + ¢ H'D (kyb)] (2.33)
Continuity of tangential magnetic field vector r = a

ko lbn !, (ko) + co H'Y (kya)] = ksd, J! (ksa) (2.34)

The coefficients can be found by solving the system of equations in four variables

using Cramer’s rule and determinants.

[ HO(b)  — TP (kb)) —HD (kad) 0 a T (keb)
0 I (ko) H(ksa) — —Ju(ksa) | |ba| 0
ey HAY (kb)) —koJ! (kab)  —ko HAY (Kob) 0 ol — k1 J! (k1)
0 kady(kea)  kaHND(koa)  —ksJi(ksa)| |dn] | 0
(2.35)

Using the principles of linear algebra the system of equations Az = b can be solved

for coefficients represented in vector .



—Ju(kb)  —Ju(ksd)  —HE (kob) 0
0 T (kaa) HP (koa)  —Jn(ksa)
—keyJ! (ki) —koJ" (kob)  —koHNY (Kab) 0
0 ko d! (kza)  koHN D (ksa)  —ksJ! (ksa)
" HV (kb)) = Ju(kob)  —HE (kob) 0
0 I (kaa) HP(ksa)  —Jn(ksa)
et HAY (kb)) —koJ! (kab)  —ko HIY (Kob) 0
0 ko J! (koa) ko H)Y (k'ga) —ksJ) (ksa)
HY(kb)  —Ju(kd)  —H® (kob) 0
0 0 HV (kya) = Ju(ksa)
enHiD (ki) —ky J' (kb)) —ko HiY (Kob) 0
. 0 0 ko HiD (kya)  —ks ! (ksa)
t HV (k)  —Ju(keb)  —H (ksb) 0
0 I (koa) H(kya)  —Jn(ksa)
en HAV (kb)) —koJ! (kab)  —ko HIY (Kob) 0
0 ko d! (kaa)  koHi D (ksa)  —ksJ! (k3a)
HY (kb))  —Ju(kob) = Ju(ksd) 0
0 Jn(koa) 0 —Jn(ksa)
e HiD (k1b)  —koJ! (kab)  —kyJ (kub) 0
0 ko J! (kaa) 0 —ksJ! (ksa)
" HY (b))  —Ju(keb)  —HY (kob) 0
0 Jo(kaa) H(l)(kza) —Jo(ksa)
ey HAY (kb)) —koJ! (kab)  —ko HIY (Kob) 0
0 ko !, (kaa) k;QH’(”(k;Qa) — k3 J! (ksa)
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(2.36)

(2.37)

(2.38)



H (kb)) —Ju(kob)  —HM (k) —J,(kab)

0 Jolksa)  HY (ksa) 0
ki HYV (kyb)  —kod! (kab)  —koHYY (Kob)  —ky J! (Kyb)
] 0 kod! (koa) ko HLY (Koa) 0
n HP(kb) = Ju(keb)  —H (kob) 0
0 I (kza) H (kya) = Jn(ksa)
et HAY (kb)) —koJ! (kab)  —ko HIY (Kob) 0
0 kod! (ksa) ko H)V (ksa) — —ksJ! (ksa)
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(2.39)

This is the complete and exact solution of TM electromagnetic field being scattered

from a two dimensional annular ring or an infinitely long cylinder of finite conductiv-

ity. Similar calculation can be performed for TE case by assuming the magnetic field

is propagating in x direction and polarized in z, then H(r,t) = 2Hye**~*!. From

Maxwell’s equations 1.3 we obtain the electric fields,

1 1
o | 10H,
o —iwer Op
—1 O0H,
Ey =

o —iwe Or

Thus, full electromagnetic solution in region 1:

o0

H(r,0) = Ho 3 i"[ulkar) + exlO(hir)]e™® v >
Hy 1 & |
Er(r7 ¢) = ._0_ ni”+1[Jn(k17~) + 6nH7(ll)(k1r)]ezn¢ r>b
werr Sy
Hoky & |
Eo(r.¢) = = 1‘:,)611 Z [T (k1) + en H'D (k7)™ > b

n=—oo

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)
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In Region 2:
H.(r,¢)=Hy Y  i"[fudu(kor) + g H (kor)]e™ b>1>a (2.45)
H,y :
- i HY mob>r>a (24
E.(r,¢) P Z_: 08" fdn (kar) + gn HEY (Kar)e b>r>a (2.46)
Hyk - ,
Bo(r,0) = ——2 2 37 M lfadyor) + O ()™ 27 >0 (247)
In Region 3:
H.(r,¢) = Ho Z " S (ksr)e™ a > 1 >0 (2.48)
Hyo 1 <
E.(r,¢) = é; ni" M hy, g (ksr)e™ a>1r >0 (2.49)
Hoks .
Ey(r,¢) = — z'(je; Z "l (ksr)e™ a > 1 >0 (2.50)

In the same manner as TM case, using the boundary conditions and continuity of

tangential magnetic field vector at » = b implies,

Jn(k1b) + e, H (k1) = f,, IS (kob) + gn H (Kab) (2.51)

For the boundary at » = a

Fadu(kea) + guHD (kaa) = iy (kza) (2.52)
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Continuity of tangential electric field vector r = b

uz —L [T (kyb) + e H'D (kb)) = —h2

Twer 0 — tWey

[fud i (kab) + g HD (kob)] - (2.53)
Continuity of tangential electric field vector r = a
/(1) _ ks /
3

O'—ZUJG

Similarly, the coefficients can be determined

HY (k1b) — J,(kab) —HY (kob) 0 en
0 Jo(kaa) HY (koa) —Ju(ksa) | | fn
A (b) A2 T (kb)) 0 on
0 iz Tika) =B HL (kea) 2T (Rsa) | |
i - - (2.55)
— T (k)
0
—k
eI (kib)
0

Using principles of linear algebra the exact and complete solution of electromagnetic
scattering of TE waves from cylinders can be obtained. In order to visualize the
propagation of fields described by the equations above have to be programmed. The
arguments of Bessel and Hankel functions in are complex for the metallic region,
hence we have to use series and asymptotic expansion of these functions as they
become small for an large argument. Using series expansions that are available in
standard textbooks [51, 52, 53| we can simplify the problem. A detailed analysis of
series expansion of Bessel and Hankel functions has been presented in Appendix B.

In the case of waves in a metallic object the wavenumber becomes complex and can
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be represented as x. = p + iq, then equation B.21 and B.22 becomes

1 : mT s : m s
Jm(l') ~ %[Qz(p_T_Z)ff_q + e_l(p_T_Z)€+q] (256)
M 2 ite-mrom) -
H)/ (z) =y —e" 2 "1 (2.57)
e

Using the values of conductivity, a rough estimate of the imaginary part of wavenum-
ber ky = \/wpgo ~ 105, hence the first term of Bessel function expansion can be ne-
glected for ease of calculations and the asymptotic expansion is valid as kob & koa >

103.

]. ; m s
Im(x) = y/%e”(p’T’Z)e*q (2.58)

Another important consequence of the real values the phase of the complex quantity

ks

1
Arglks) = 3 arctan[go%] R~ % (2.59)

Our main concern is the field in the region inside the ring hence, calculation of

d,, is important. We start with the calculation of zeroth order denominator for the

coefficient dyy given by the determinant,

I (ko) HY (kya)  —Jn(ksa)
dy = H (k1b) |—koJ! (kob)  —ko HiM (ob) 0

kodl(kaa)  koHRY (kaa)  —ksJl (ksa)
(2.60)

ey HOD (k1b)| Jo(kea)  HY(kpa)  —Jo(ksa)
]CQJ,Q(]{ZQCL) kQH;fl)(kQa) _k3J7/L(k3a)
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It implies,

dog = ko HEY (k1) [k Jo (k3a) [ TG (keb) H\Y (kaa) — Jb(kea) HY (kob)) 1+

ks I (kisa) [ Jo (kea) Hy " (Kob) — Jj(kab)HS (kaa))2)+
(2.61)

— ke H (k1) [ka Jo (Ksa) [Jo (kab) HY (koa) — J4(ksa) HSY (Kab)]s+

ks It (ksa) [Jo(kab) HSY (kab) — Jo(kaa) HED (kob)]a)

We will take a look at each bracket [ |; in detail and use asymptotic forms to

simplify the results because of the value of the arguments of the functions.

(T2 = Jy(kob) Hy Y (kpa) — Ji(kea) Hy " (kab)
(2.62)

= J1(kob) HIV (ko) — J} (ko) H (kob)

Representing the arguments as kaa = p; +iq1 and kb = py +iq2 and equation 2.59,

we get
e'a 1

T (k’g&)(k’gb)

e~ ip2—p1) o(2—aq1) _ ei(pz—pl)e—(tn—ql)] (2.63)

[]1=

Manipulating the complex ko = |ky|e ™ 9%2) = |k, |(cos(Arg[ks]) — isin(Arg[ks])),
we get

1
e =0 — 1 =0 = —— kol (b — 2.64
P2—P1=q—q1 \/§| 2‘( a) ( )

Hence, the first bracket becomes,

= et —1 el — e
[l = T (kga)(krzb)[

i(Se—(S]

_l ; cos(0) sin — sin(0) cos (2:65)
=\ T (ka)[( (6) sinh(8) (0) cosh(d))

—i(cos(0) sinh(§) + sin(0) cosh(9))]



The second bracket becomes

[J2 = Jo(kaa)Hy ) (kab) — Jg(kab) H" (kza)

= J1(kob) HSY (koa) — Jo(kea) HY (Ksb)
iz

1e’ 1 —ib 8 _ if =0

BRI |

_1 2 [[cos(6) cosh(d) + sin(d) sinh(d)]+
B s (kz@)(kgb)

i[cos(d) cosh(d) — sin(9) sinh(6)]]

Similarly, third bracket,

[)s = J5" (kab) Hy Y (kaa) — Ji (ko) HV (kab)
= Jy (kaa) HE (kob) — TSV (kob) HY (k)

i€l 1 .
— [6156 o e

T (kQG)(ka)

71‘666]

[[cos(8) cosh(d) + sin(6) sinh(d)]+
i[cos(d) cosh(d) — sin(d) sinh(6)]]
For bracket 4,

[Ja = JV (kab) HS" (kab) — Jo(kaa) HS" (kab)

— & 1 [eiéefé . 671666]

T (k?ga)(kgb)

(o) () [(sin(0) cosh(d) — cos(d) sinh(d))

—i(cos(d) sinh(d) 4 sin() cosh(d))]
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(2.66)

(2.67)

(2.68)
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Thus, to recap the calculation of the denominator it is helpful to realize that

[li=—[la=A
(2.69)
[l2=[]s=1I
Thus, the denominator can be defined as,
dog = ko HS" (kyb) (ko Jo (ksa) A + ks Ji)(ksa)TT] -

_le[l)(l) (klb) [k‘gJ@(k?gCL)H — k?gj(/](kga)A]

Rearranging the terms and using the first derivative of Bessel functions, we get

dog = A[K2HS (k1b) Jo(ksa) + kiks H{Y (kyb) J! (ksa)]
— ko T0[ks HSY (K b) Jy (Ksa) — ks HY (kyb) Jo (ksa)] (2.71)

=ANA+1IB

Now, let’s calculate the numerator using the same procedure

don = kiko[HE (kyb) J, (kyb) — Jo (ki) H\™ (kb)][Jo (ko) HIY (ksa) — HSY (koa) J) (Koa))
(2.72)

don = kika[HE (kyb) Jy (kb)) — Jo(krb) HY (k0)][Jo (ko) HY (koa) — HSY (koa) J (Kaa)]
(2.73)
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Using the definition of Hankel functions, we get

d[)n = k?lkig[Jl(klb)Ng(kflb)—J()(k’lb)Nl(k)lb)][J()(]{?QCL)Nl(kga)—N()(k?Q(l)Jl(k?Qa)] (274)

The recursion relation between Bessel and Neumann functions leads to the following

identity

Jn(2) N1 () — i () Ny () = - (2.75)
Thus, the numerator becomes
4
= 2.

Thus, the exact result using series expansions of Bessel and Hankel function for the

coefficient of fields inside the ring is given by

4 1

b= B NATIB

(2.77)

After calculating the coefficient of fields inside the metallic shell, we can calculate

the fields

E.(r,¢) = Eo Z i"dpJn(k3r)e™ 0 <r<a (2.78)

In the simplest case, at the axis of the shell with Jy(0) = 1 and penetration coeffi-

cient for TM incidence in dB can be defined as

E p—
Ay = 20log] (r=0)

— 5 (2.79)

Similarly, the penetration coefficient for TE incidence is defined as,
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(r =0)

H,
0

Wall Thickness 500 um without water

—1000

—2000

—3000
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—5000

Penetration coefficient (dB)

—6000 -

10 10 10" 10"
Frequency (Hz)

(a) Apps for empty shell.

Wall Thickness 500 pm with water

—1000

—2000

—3000

—4000 -

Penetration coefficient (dB)

—5000

—6000

10 10 10" 10"
Frequency (Hz)

(b) Ay for shell with water €, = 80.

Figure 2.12: Cylindrical shells with wall thickness = 500 pum. Blue curve represents
the exact solution and orange curve shows approximate solutions.

In the figure 2.12, 2.13 and 2.14 we have demonstrated the importance of using
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Wall Thickness 100 um without water

—200 +
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(a) Apps for empty shell.

Wall Thickness 100 tm with water
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—800

—1000 A

Penetration coefficient (dB)

—1200 A

—1400

T T T T T r T T T T T T T T o
10 10 10 10"
Frequency (Hz)

(b) Ay for shell with water €, = 80.

Figure 2.13: Cylindrical shells with wall thickness = 100 pum. Blue curve represents
the exact solution and orange curve shows approximate solutions..

exact solutions for scattering from cylindrical shells. It is evident that the features of
where the field penetrates deeper that the skin depth calculated from the assumption
of infinite medium or infinite conductivity solution are missed.

As expected the magnitude of fields inside the shell decrease as the wall thick-
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(a) Apps for empty shell.
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(b) Ay for shell with water €, = 80.
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Figure 2.14: Cylindrical shells with wall thickness = 10 um. Blue curve represents
the exact solution and orange curve shows approximate solutions.

ness increases but the penetration is still greater than the fields calculated by the

approximate formula. This method also enables us to study the effects of varying

the material inside the shells. The presence of water in the changes the profile of

penetration allowing higher number of frequency with increased transmission.
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Wall Thickness 10 um with water
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(a) Aqps for shell with water €, = 80.
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(b) Ay for shell with water €, = 80 immersed in water.

Figure 2.15: Tolerance to change in surrounding medium.

It is well known that that transmission of electromagnetic fields is greatly enhanced
in Fabry-Perot cavities when a resonance condition is satisfied. Similar effects can be
expected in case of cylinders and once the resonance is achieved the transmission is in-

creased which enables the wave to interact with contents of the shell. The calculation
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(a) Apps for empty shell immersed in water.

Wall Thickness 10 um with water immersed in water
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(b) Ay for shell with water €, = 80 immersed in water.
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Figure 2.16: The change in number of resonant frequencies due to change in material

inside but same surrounding medium.

It is also important to note the values of

penetration coefficients change by one and half order of magnitudes for empty and

full shell.

of resonance condition for infinitely long cylindrical shells or two dimensional rings we

consider linearly polarized plane-wave incident on the cylinder with its direction of
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Figure 2.17:
the shells.
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(a) Apps for shell with water €, = 80 and outer radius 1.3cm.
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(b) Ay for shell with water €, = 80 and outer radius 2.3cm.
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The change in position of resonant frequencies due to change radius of

propagation perpendicular to the cylinder axis. In these calculations, two polarization

states shall be analyzed separately: one state of linear polarization of the incident

wave with the E-vector parallel to the cylinder axis (TM), and one polarization state

with the H-vector parallel to the cylinder axis (TE). The resonance for TE occurs
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Resonance condition for TM waves

1.0 A
ka=j(n)
0.8
0.6

0.4

i A 7
AT

10.0 12.5 15.0 17.5 20.0
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(a) Resonance condition for TM mode for empty shell.

Resonance condition for TE waves

0.6
ka = j(n)

0.4

yRANANAN
\ A N

T T T T
0.0 2.5 5.0 75 10.0 12.5 15.0 17.5 20.0
X

J1(x)

(b) Resonance condition for TE mode for empty shell.

Figure 2.18: The penetration is enhanced when the resonance condition is satisfied
at these discrete the zeros of the Bessel functions.

when ka = ji(n) where j;(n) are the nth zeros of J;(z) and for TM ka = jo(n) where
Jo(n) are the nth zeros of Jy(z). These conditions are valid for an empty shell and
has been plotted in figures 2.18a and 2.18b which shows the such response can only
be obtained for certain discrete values and form a basis for design of accurate meta-
atoms. In the next section, we summarize the mathematical framework and discuss

its implications on design and characterization of light meta-structure interactions.
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2.4  Conclusions

Mathematical Framework 1: Scattering from annular ring.

Input: Incident Electric field: E(r,t) = zEyerz—t

case Region 1 do
For » > b use Bessel functions and Hankel functions of first kind.

o0

E.(r,¢) = Ey Y _ i"[Ju(kar) + anHO (kyr)]e™ v >b (2.81)

n=—oo

¢}

ase Region 2 do
For b > r > a use Bessel functions and Hankel functions of first kind.

E.(r,¢) = Ey Y i"[buJu(kor) + c HO (kor)]e™ b>r>a  (2.82)

n=—oo

e}

ase Region 3 do
For a > r > 0 use Bessel functions only.

E.(r,¢) = Ey Z "y Jn (k3r)e™  a>1r >0 (2.83)

n=—oo

for Boundary Condition do
User x (E; —E;) =1 x (Hy — H;) =0, H is obtained by Faraday’s Law
UseAi:bandji:%

Series and asymptotic expansions of Bessel and Hankel functions

Plot the field at the center of the annular ring

E.(r=0
Agys = 2010g|%| (2.84)
0

Result: Penetration coefficient for transverse magnetic case (Aray)
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We have shown that rigorous analysis of light interaction with metallic cylindrical
shells we have shown that the geometry is very important to the analysis of scat-
tering. This explains the higher penetration of fields in the shells and the influence
of liquid inside the shell. The number of frequencies where the coeflicient of pene-
tration increase by two order of magnitudes increase when the permittivity value of
material inside increases but is unaffected when by the change outside. The analysis
using fields is cumbersome due to the presence of two boundaries. We summarize the
method developed to analyze TM electromagnetic wave interactions with cylindrical
shells in mathematical framework 1. This method can easily be modified for analysis

of TM waves.
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Figure 2.19: The variation in penetration frequencies due to material inside the shell.

The discrete frequencies increased penetration change due to variation in the dielec-
tric constant of the material inside the shell (see figure 2.19). Hence, these structures

can be engineered to interact with the incident wave of certain discrete frequencies,
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similar to quantized energy levels of a atom. Since, wave can interact with the ma-
terial inside it provides another degree of freedom to design meta-atom, where the
electromagnetic energy can be localized inside the shell. This method can used to
detect the material inside container because theoretical calculations would predict the
frequencies at which the wave to detect the material and any variation would change
the response of the meta-atom. The material inside can be linear, non-linear or active

gain medium which would produce a new generation of non-linear meta-structures.

Thickness of the shell

Inner radius

Material paramter

Material inside the shell (e, K, 0)

g=g oreg""

Figure 2.20: Degrees of freedom for designing meta-atoms with responses at discrete
frequencies.

Lets consider an example where the material inside the shell is anisotropic in nature

with weak y® non-linearity leading to a response to incident wave E(t) = R[E,e~*"]

is given by,

D(t) = Rleo(er + %x‘?’)IEMF)Ewe"“t] (2.85)

Remembering that the fields can only penetrate at certain frequencies, a particle



59
of this geometry can act as linear as well as non-linear structure depending only
on the incident frequency. In the cases where the frequencies can be altered by
eVl the field coupled inside the shell may not be able to propagate out which in
theory should localization of electromagnetic energy and hence introduce thermal
effects and observation of light. Another interaction analysis would be interactions of
pulsed waves with these structures and its temporal dynamics of localization of the

electromagnetic energy.

Region 1 Z
1 Region 2
X ‘
/ —__ Region 3 Incident wave
e 1
\‘\Q Q&fbﬂe

(a) Wave incident at certain angle to the (b) Normal wave incident at the an-
normal of cylinders. gle angled cylinders.

Figure 2.21: Mixing of eigenfrequencies by adding the degree of freedom of angle of
incidence.

Using the properties of scattering by waves incident angle where a TM fields pro-
duces both TE and TM scattered fields and the knowledge that the resonance condi-
tions (figure 2.18) for TE and TM modes are different, we design a meta-atoms which
has response which cannot be obtained by one filed only. The penetration coefficient
has to be combination of both d, and h,, hence will provide another design param-
eter. In addition to engineering meta-atoms, the results obtained have implications
fundamental limits of the response [54], such as absorption per volume is incomplete

because it does not consider the geometry.

(2.86)
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(a) Cylindrical shell. (b) Spherical shell. (c) Oblate shell.

Figure 2.22: Examples of other geometry which can be used to design meta-atoms.

Other geometry can also be analyzed similarly by using spherical wavefunctions in
terms of spherical Bessel functions z,(kr) and associated Legendre functions P! (cos ),

for example for spheres

Y(r) = z,(kr)P™(cos §)e™? (2.87)

In the next chapter, we discuss an elegant way to investigate the propagation of
fields using Green’s functions and electromagnetic potential through an object of

arbitrary geometry as shown in figure 2.22.



CHAPTER 3: PROPAGATION OF POTENTIALS

In chapter 2, we saw that the well known formulation for interaction of electro-
magnetic waves with shells is incomplete. Experimental and theoretical analysis of
cylindrical shells illustrates the importance of geometry in the formalism of scattering.
The exact study of propagation of fields through a structures of various geometries is
arduous and changes for every case based on geometry. Hence, it seems imperative to
develop a formalism capable of describing a large number of geometries which can be
helpful in analyzing metamaterials. The process of designing metamaterials focuses
on achieving certain responses to the incident waves from structures fabricated from
a variety of materials. In the design process the spatial (or temporal) transfer func-
tion is tailored to meet demands of a specific application. The design process can
also be performed in the spatial domain using Green’s functions of individual and
collections of meso-structures or nano-structures. In recent years, Green’s functions
have been used to design metamaterials to perform mathematical operations [55], and
hyperbolic metamaterials for quantum nanophotonics [56].

The geometries of individual unit cells are becoming increasingly complicated with
advancements in metamaterials which requires a rigorous technique capable of han-
dling these exotic geometries. Fabrication of metamaterials also pose an issue of
characterization of properties of the manufactured structures or materials. This cre-
ates a need to extend inverse methods to determine the properties such as local and
global variation of permittivity, and permeability. In the inverse problem, the prop-
erties are determined from the measured intensity which leads to problems related
to sampling, and convergence of solution [57]. Strong scattering and penetration of

incident field inside the scattering object leads to violation of many approximations
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[58]. More recent literature [45] suggests use of cepstral filtering to improve inverse
methods to determine the spatial distribution of permittivtiy, and permeability which
requires working in the Fourier domain. Exotic properties of meta-atoms and meta-
materials are often achieved by driving them at frequencies very close to the resonance
frequencies of the structures. Solutions of inverse problems becomes arduous because
various linear approximations such as the first Born approximation break down. This
means resorting to non linear algorithms for numerical calculations which are compu-
tationally expensive. Hence, it would be desirable to develop rapid methods to solve
the inverse problems in resonance regions, such as Herglotz wavefunctions [59]. The
Green’s functions methods can be used to solve the inverse problems in real space
and use of same the formulation for design and characterization of metamaterials can
help identity errors in fabrication.

Direct and inverse problems become very difficult when the size of the structures
becomes comparable to the wavelength because common electromagnetic scattering
approximations break down [60] which makes it imperative to build a framework from
first principles without any hidden approximations. Usually, numerical methods in
electric and magnetic vector E(r,t) - H(r,¢) formulations are used in metamaterial
design and characterization. These methods suffer from breakdown at low-frequencies
[61] or when the dimensions of structures become much smaller than the wavelength.
Similar problems might occur when structures have highly subwavelength coatings
which also leads to high computing costs in field formulations. These issues can be
resolved by using scalar ®(r,t) and vector A(r,t) electromagnetic potentials |62, 63,
64].

Traditionally, electromagnetic potentials are used to reduce the mathematical com-
plexity of the problem and used to be widely believed that potentials have no physical
meaning. But the Aharanov-Bohm effect [65] demonstrates that vector potentials

carry physical meaning at quantum levels. Subsequent research has shown its equva-
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lence in water waves [66], and its usefulness in graphene [67] and photonics [68].
This raises an interesting question: can electromagnetic potentials be used to ren-
der new properties to metamaterials? In order to explore the usage of potentials in
metamaterial design and characterization, they have to be established on the same
footing as fields. Hence, there is a need to understand the properties of potentials
in an inhomogeneous medium and across boundaries. In this chapter, a method for
propagation of potentials of across a boundary of arbitrary geometry using Green’s

function including boundary conditions are presented.
3.1  Gauge Transformations

The variation or propagation of electromagnetic fields in space and time is governed
by Maxwell’s equations and the behavior of materials characterized by permittivity €
and permeability © under the influence of fields is dictated by constitutive relations.
These characteristic parameters can take tensor form for complex materials but in
this chapter we are considering material with spatially varying scalar permittivity
¢(r) and permeability p(r). Magnetic induction B(r,?) is always solenoidal, hence it

can be expressed in terms of vector potential as

B(r,t) =V x A(r,t) (3.1)

As a consequence of the Maxwell-Faraday equation, the displacement vector can
be expressed as
B 1

D(r,t) = ) [V®(r,t) + %A(r, t)] (3.2)

Using these definitions in Maxwell’s equations, coupled equations for electromag-
netic potentials generated by electric current density j(r,t), and localized charge

density p(r,t) in a inhomogeneous medium can be expressed as
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V- e(r)Ve(r,t) — %[V - €(r)A(r,t)] = —p(r,t) (3.3)
V x LV X A(r,t) + e(r)a—ZA(r t)+ 2[e(r)V@(r t)] = —=j(r,t) (3.4)
1(r) ’ o Y T gy ’ I '

The use of potentials introduces an inherent non-uniqueness giving rise to freedom

of gauge for the scalar and vector potential

gb/(r, t) = ¢(r7 t) a7 (I‘,t) (35)

A'(r,t) = A(r,t) + Vx(r,t) (3.6)

where, the gauge function x(r,¢) can assume various functional forms. In classical
electromagnetics, it is widely believed that gauge transformations are mathematical
constructs and have no physical meaning, and are used to simplify the problem. A
comprehensive review [69]| of gauge invariance highlights the ambiguity in usage of
gauges going back to the Lorenz gauge. Subsequent papers |70, 71] show that choice
of a certain gauge imposes certain physical restrictions on the solution for potentials.
From equations 3.3 and 3.4, it is clear that electromagnetic potentials originating
from a source should propagate under the rules of causality, and relativity, satisfying
appropriate boundary conditions for discontinuity in €(r) and pu(r).

The propagation speed of scalar potentials has been an interesting topic of re-
search and plays an important role in velocity gauges, where the speed can be chosen
to propagate at any speed relative to speed of light (¢). The issue of causality of
a scalar potential was resolved by decomposing the current density into transverse

and longitudinal parts [72] which is a consequence of a subsidiary condition imposed
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on the potentials. The vector potential can also be decomposed in longitudinal and
transverse components, and the longitudinal component travels at ‘c’ and transverse
component can propagate at arbitrary speed. The velocity gauge (see equation 3.7)
uses a parameter ‘v’ to manipulate the propagation speed of potentials. Under the
velocity gauge, ‘v’ parameter controls the propagation speed of potentials which can
provide an opportunity to manipulate the response of materials in a novel way. Viola-
tion of gauge invariance can be linked to violation of causality, and relativity. Despite
the arbitrary speed of scalar potentials in the velocity gauge, it still has a physical
meaning [73] as E(r, t) still follows the laws of relativity.

0

%v (@AY (1) + pu(r)e(r) 5 0 (r,8) = 0 (3.7)

The underpinning concept of metamaterial design is to have controlled spatial
variation of €(r) and p(r), which perhaps can be manipulated with electromagnetic
potentials and gauge transformations, providing a new avenue to metamaterial design
by using photonic Aharanov-Bohm effect [74, 75, 76]. The Aharanov-Bohm effect can
also be observed in plasmons leading to oscillations in plasmons’ frequencies [77],
and wavefront disloctions in scattering of surface plsmons from topological defect
[78]. Traditionally potentials have been used to calculate fields due to a source in an
infinite homogeneous medium but here propagation of potentials across a boundary
is discussed.

Coulomb and Lorenz gauges are two most commonly used gauges in electromagnetic

theory. The Coulomb gauge can be derived from velocity gauge if v — oo,

— V- e(r) A9 (r 1) =0 (3.8)

The issue of causality of scalar potentials under the Coulomb gauge becomes ap-

parent when it is used in equation 3.3. But the subsidiary condition V- A | (r,t) =0
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[72] corrects the causality of retarded potentials. Upon decomposing vector potentials
in gradient and curl components using Helmholtz theorem (see Appendix C), it can
be shown that a gradient component can be altered during gauge transformations
[71] and does not generate a magnetic field hence should not appear when potentials
cross a boundary. These complications in the nature of propagation potentials under
Coulomb gauge makes the use of Lorenz gauge logical.
The Lorenz gauge can be obtained from the velocity gauge when v = ¢ and it
treats potentials as waves, originating from a source subject to causality and relativity

conditions.

LV ce(r) AP (1, 1) + p(r)e(r) =P (r,t) = 0 (3.9)

e(r)
Applying the Lorenz gauge conditions in equations 3.3 and 3.4, we get two decou-
pled equations for potentials in an inhomogeneous medium

V. e(r)VO(r,t) — u(r)e(r)%fb(r, t) = —p(r,t) (3.10)

1 1
V x MV X A(r,t) — e(r)@A(r, t)+V[———=

3.2  Boundary Conditions

An inhomogeneous medium can be treated as a piece-wise homogeneous medium
where potentials in various homogeneous regions can be stitched together using bound-
ary conditions. In general, boundary conditions are derived using integration over
infinitesimal surface or volume elements using Gauss’, and Stokes’ theorem. It is
important to note that boundary conditions for perfect conductors (¢ — oo) and

imperfect or real conductor (o is finite) are different. In this chapter, the primary



by various numerical methods including finite element methods.

Medium 1
b g

Surface (S)

Medium 1
Ep Hp Oy

Medium 2
0

Surface (S)

Figure 3.2: Infinitesimal volume for volume integration.

0

j{/[v ~e(r)VO(r,t)]dV — — ¢ [V - e(r)A(r,t)]dV = — %/[p(r,t)]dv

ot J,

potential at the boundary

- [e(r)VOy(r,t) — e1(r) VO (r,t)] =0
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concern is to deal with real materials, implying finite conductivity hence over a in-
finitesimal region current and charge densities drop to zero. All information about

the behavior at an interface is encapsulated in the equations above and can be solved

In order to have physical significance, the effects of electromagnetic potentials
should be unaffected under gauge transformations, including the boundary condi-
tions. Hence, the boundary conditions are derived from the uncoupled equations to
ensure independence from gauge transformations. Using divergence theorem in 3.12

and methods expounded in many textbooks over an infinitesimal volume shown in

(3.12)

From equation 3.12, at the boundary with finite conductivity, condition for scalar

(3.13)
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Due to the finitness of V - €(r)A(r, ) at the boundary we obtain a necessary con-

dition,

0 - [ea(r)As(r,t) — e (r)Ay(r,t)] =0 (3.14)

The integration in equation 3.15 is over an infinitesimal surface, with rectangular

path Cg shown in figure 3.2 in limit Ah — 0 and tangent vector 7 = ng X n

1 0?
/CO [V x mv x A(r,t)] - dS + e /CO [e(r)A(r,t)]-dS

0

(3.15)
top L v ) -as = [ fiten)-as

From equation 3.15, it is clear that V - e(r)A(r,t) and V x A(r,t¢) have to be
finite at the surface. Considering, e(r)g—;A(r, t) on a infinitesimal surface area at the
interface leads to the first boundary condition, where 0 is a unit vector normal to the

surface.

n X [Ay(r,t) — Aq(r,t)] =0 (3.16)

A surface with finite conductivity leads to finite j(r,¢) combined with V[x ﬁv X
A(r,t)] leads to

1

1
Mz(r)v X Ag(r,t) — ——=V x Ay(r,t)] =0 (3.17)

fx| pa(r)

Observing g—;@(r, t), we get another boundary condition,

By(r,t) = Oy (r,t) = 1 X [VDs(r, 1) — VO, (r, )] = 0 (3.18)

The same boundary conditions can be obtained using the differentiation method
outlined in refernce [79]. It is notable that the boundary conditions for vector poten-

tials are dependent only on the curl component and not on the gradient component
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which can be affected by gauge transformations. These conditions can very easily be
translated to boundary conditions for fields [38].

The next step is to build a framework that embodies all the physical restrictions
imposed on the electromagnetic potential waves during propagation once it is gen-
erated by the source. An elegant way to express the propagation of vector fields
generated by a source located at r’ is the dyadic Green’s function (a(r, r'|t,t'). There
are no assumptions made during the solution, hence it does not break down when

dimensions of the scattering object become comparable to the wavelength.
3.3 Dyadic Green’s Functions for Electromagnetic Potentials

In general, Green’s function is a kernel in an integral which transforms the boundary
conditions and/or the source density into the solution. When the solution is supposed
to be a scalar then the kernel could be a scalr but when the source function and the
boundary conditions are vectors then the kernels has to be a vector operator or
dyadic. Using the concept of eigenfunctions and Green’s functions it can be argued
that boundary conditions can be expressed as a vector in abstract vector space and
Green’s function transforms the boundary values into values of the solution. The
dyadic Green’s function ((E(r, r'|t,t') must satisfy the following properties, reciprocity
relations, generate solutions from boundary conditions and source functions and the
resulting solutions must have discontinuities just outside the boundaries which has

been illustrated by scalar example.

VG (r,v'|t,t) + K*G(r,Y'|t,t') = —1(r, |t 1) (3.19)

In an inhomogeneous medium, we consider a medium containing the source total
field of incident and scattered fields, and the transmitted field in a non-source region.
In general scattering problems the superposition principle is used to satisfy the re-

quired boundary and radiation conditions for incident and scattered fields [80]. The
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method of scattering superposition is also valid for Green’s functions [81] as it has
to satisfy the same homogeneous or inhomogeneous Helmholtz equations, boundary
and radiation conditions. The method of scattering superposition which is valid for
any geometry can understood by simple 1D case for scalar Green’s function. Scalar
Green’s function g(x|z’) for one dimension with source at 2’ can be written as sum
of free space go(z|z’) and scattered Green’s functions of the form Fe®**. Assuming
that the field goes to zero at x = 0 and satisfies Neumann boundary conditions, it
can be easily shown the that total Green’s function becomes the sum of free space
and scattered functions.

L [eikz=a') 4 gik(@+a)] g > g

2k

g(zlx') = (3.20)

srlemE=a) peikleta)] gl > g > 0

After establishing the method of scattering superposition, a method applicable to
a scattering object of arbitrary geometry employing an eigenfunction expansion of a
dyadic Green’s function using Hansen vector wavefunctions [82] is developed. Key
components of this formulation are a scalar generating function t,,(r) which should
satisfy the homogeneous Helmholtz equation with eigenvalues (k,,s) in a coordinate
system determined by the geometry of the scattering object, and a constant piloting
vector a. Vector wave-functions are classified as Cartesian vector wave-function if the
piloting vector can be X, ¥, and Z and a spherical vector wave-function if the piloting
vector is radial vector . Three vector functions required for the decomposition of
dyadic Green’s function can be represented using an vector operator T and is obtained

from the scalar generating function.

Lipgs(r) = Vihps(r) = TprqS(r) (3.21)

Mys(r) = V X &thyys(r) = TwaqS(r> (3.22)
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1

Nypgs(r) = V X Myys(r) = TN¢PQS(r) (3.23)

k.

pqs
Immediately some properties of the eigenfunctions can be inferred, Ljqs(r), M,4s(r),

and N,,(r) are not colinear and

V - Myys(r) = V - Ny (1) = 0 (3.24)

Using vector identities it can be shown that all three eigenfunctions satisfy the same
Helmholtz equation as t,4s(r), and Ly,s(r) has an infinitely degenerate eigenvalue of

Zero.

- Vpgs (T) ]
9 9 Lipgs (1)
[V°+ k‘pqs] =0 (3.25)
M,ys(r)
_Npqs (r) i

These eigenfunctions have to be supplied with proper normalization factors which
depend on the geometry of the scattering object, because the eigenfunction expansion
of every vector field has to be supported by a completeness condition [83]. Normal-

ization factors for each eigenfunction can be written as

<qu5(r>; L;qs(r» = Aﬁqs (326)
(Mpgs (1); M (1)) = Ay, (3.27)
(Nipgs(1); Ny (1)) = Ay (3.28)

The completeness condition for eigenfunction expansion is
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- Lpgs(r)Ly o (r')  Mpgs(r) M5 (r')  Npgs (r)N7 (1
Ié(r—r') _ Z[ Pq (/\)L pq ( ) + (A)M ( ) + (/\)N ( )] (329)

pgs pgs pgs

The expansion of a dyadic Green’s function can be very easily used to decompose it
into longitudinal terms containing Ly,s(r) and transverse with terms of M,.(r) and
N,,s(r). This mathematical framework for propagation of electromagnetic potentials

can be understood with the help of an example.

« Source (R’)

G(r, r)=G,+G""
Medium 1

o)
(g, 1)

G(r,r)=G
Medium 2

(82’ Ky G)

Figure 3.3: Illustration of two semi-finite half spaces with source present in medium
1.

Consider two semi infinite half spaces (see fig. 3.3) where medium 1 is characterized
by (€1, 1) and medium 2 by (s, pto,0). A time harmonic point source (e~**) of
frequency w is present at R’ in medium 1 emitting a three dimensional field. The 2D
geometry of the problem requires a Fourier transform in ¥ which is used to represent
the 3D incident field from a point source in the same geometry as the boundary
[84], which makes the use cylindrical generating function (equation 3.30) logical. The
Ohm-Rayleigh method [85] will be used to decompose the dyadic Green’s function
using anterior and posterior vector coefficients to satisfy the radiation and boundary

conditions.

Ypgs(T) = Jp(sp)eime_iqz (3.30)
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where, J,,(sp) is a Bessel function, radial spectral variable (s € (0, 00)), longitudinal
spectral variable (¢ € (—00, 0)), integral azimuthal spectral variable (p € (—o0, 00)),
hence the eigenvalues /ff;qs = ¢*> + s%. Using the scalar function, normalization factors

can be calculated, where 0,/ is the Kronecker delta function. In order to calculate the

normalization constants let’s expand the vector wavefunctions in terms of individual

functions.
N Zp 9 . A1 4 —iqz
Lyas(p: 0:2) = [Ty (sp) + " o(sp)d — iaTy(sp)2le Poee (3.31)
ip A 0 ipd —iqz
Myos (0,6, 2) = [- 2 Jy(s0)p - iqJ,(sp)ple®?e (3.32)
1 . 1 o pq g 2 21 . ipp —iqz
Nygs(p, &, 2) = —[—igs T (sp)p + ;Jp(sp)qb + 57 Jp(sp)2]ePle (3.33)
pgs

Now using the definition of normalization constant and properties of Bessel’s func-

tions, we can show that

4 s* +¢°
Apgs = 47 o 0(s = 5)0(a = ¢ (3.34)
tA%S = ﬁAI])\(;S = 47T236<8 - S/)é(q - q/)5pp’ (335)

Its is important to realize that the vector wavefunctions are orthogonal to each

other and using Ohm-Rayleigh method, posterior coefficients we can write

[e.9]

I(r—r)= /O " ds / h dg ) [Lpgs(r)A + My, (1) B + Npyo (r) C] (3.36)

00 p=—00



74
Taking a dot product of the equation with Ly, ., (r) and integrating over the en-
tire volume, and normalization factors, and repeating the steps for M, . (r) and

Ny, (1), we get

') (3.37)

B = EM,p,qs(r’) (338)
S /
C= EN_p_qs(r) (339)

Hence, the unit Dyadic in this geometry is

o0 o0 sL r)L_, (1)
_ d dq pas( p—gs
r=1) 0 s/ Z Ar?( 52 o)

o (3.40)
MpqS(r)M—p—qS( ) n Npgs (r )N—p—qS(r/)]
42s 4725

The Green’s function in a piece-wise continuous medium and should satisfy the
same equation as vector potentials, using vector identities equation 3.11 can be rewrit-
ten in space-frequency domain where, k? = w?e;;

V3G (r,r') — VV - G(r,r') — k}G(r,v') = 1§(r — 1) (3.41)

Using anterior vector coefficients for vector eigenfunctions to satisfy the radiation

and boundary conditions, then Green’s functions can be written as,

[e.9]

G(r—r') = /0 ds/ dq Z [8pgsLipgs () + bpgs Mipgs (r) + €pgsNpgs (r)] - (3.42)

p=—00
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Using the expression for the unit dyadic and the properties of the vector wavefunc-

tions

V X Lpgs(t) =0 V- Lys(r) = Vpp4(r) = —kgqs¢pqs(r) (3.43)
V X V % Ny, (r) = k2 Npgs () (3.44)

Substituting 3.42 in the equation 3.41, the dyadic Green’s function can be expressed

as

Glr,r) = ——— [ ds / i 3 (Lol nl)
0 —o0

2 2 2 _ 1.2
47 el kpqs(k kpqs) (3.45)
+Mpq5(r)M—p—QS(r/) NpqS(r)N—p—qS(r/)]
s(k? — kf,qs) s(k? — k’gqs)

The integration over wavenumbers depends on the orientation of the interface and
boundary which separates the media. In this case it is along Z, thus integration over
the spectral variable ¢ has to be carried out using contour integration and Jordan’s
lemma. Thus, the dyadic Green’s function for semi-infinite half space, where posterior

functions are used to satisfy radiation condition and anterior functions for boundary

conditions.
(a(r I") = /OO ds i [_Lp(is)s(r)L_p(_is)s(r/) B
) 4 2
L ™ (3.46)
Lipos (F)Lp s (1) | Myt ()M 1) Nyt ()N -p-1s (1),

Avk? 47rst 4Amrst

where, i = /—1, k> +5% = —v? and k? — s> = t2. It is apparent that there exists an

extra term in the solution of the Green’s function for potentials than for fields [86] and
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L,,s(r) cannot be ignored corroborating [82|. Total dyadic Green’s functions using
scattering superposition method with free space Go(r,r’) and scattering agl)(r, ')

dyadic Green’s function is expressed as

o «(11)

o Go(r,r')+ G, (r,x'), z>0

G(r,r') = (@) (3.47)
G, (r,1'), 2<0

Applying the boundary conditions derived earlier with some algebraic manipulation
the coefficients of reflection and transmission can be derived where uy = py = o, a®

and al can be arbitrary and set to zero for this geometry.

t —t 2t
M= 2 a} = ! (3.48)
t1+ 1y t+ 1o
N K3ty — Kty N k1 kot (3.49)

a, = —5——5— a, = 5——5—
Tk + K2, b kRt + Ky
Hence, the total Green’s function for propagation across a boundary separating

two semi-infinite half spaces

é(ll)(r,r/) _ /oo ds i [Z'Mpftls@)[Mptw(r,) + @ My_g,(1)]
0

47T8t1
p——00
Nt s Notis / NN . /
M - pt14g31+ar pell )]] z>2
o o o / (3.50)
:/ ds Z [Z[Mptls(r) Myt (1) M4, (r)
0 47rsty
p——00
| Nps(r) + 0 Np—tls(r)]Np—tls(r')] 2 >2>0

4msty
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- (21) 00 &0 M M. /
G (I‘,I‘,) :/ ds Z [ai\/lz thS(r> P tls(r)
0

dnst
oo et (3.51)

ai\f iNPt28<r)NP—t18(r,)] 2 <0
47 sty

This is an illustration of the framework for propagation of electromagnetic poten-
tials presented in this paper. It can be very easily adapted to any geometry by using
the boundary conditions derived in section 3 and appropriate scalar generating func-
tion. An important point is that the scalar variable will become discrete if the space is
finite. The integration over spectral variables in the Green’s function (equation 3.45)
for an infinite medium will be summations for a finite medium, such as cylinders.
This method can also be translated to a spherical scattering objects by changing the
Bessel function to spherical Bessel function in generating function and radial piloting

vector.



78

3.4  Conclusions

Mathematical Framework 2: Green’s function method.

Input: Choose generating function 1,,(r) based on geometry.

for Vector wavefunctions do

Lpgs(r) = V(1) (3.52)
Mypgs(r) = V X a¢)qs(r) (3.53)
N,ys(r) = kl V X M,4s(r) (3.54)

Calculate the normalization constants, Al . AM “and AJ = Using the definition

of ]I and the equation below to calculate the general form of Green’s functions

<>

VQ@(r, r')—VV- (a(r, ') — kIG(r,r) = f&(r -1 (3.55)

General Green’s functions,

“ SL s(r)L_p_gs(r”)
G(r,r') = 4%2/ ds/ dq 0 % pkg)

pooe ol e (3.56)
Mgs (1) M gs(r') | Npgs(r)N_ - qS(r)]
(k kgqs) (k2 kgqs)

Integrate for the spectral variable which defines the direction of interface

for Planar interface do
Using boundary conditions, we get coefficients

w_timte oy 20y k3ty — kity N 2kikety (3.57)
bty 1ttty T k3 Ry, T kR F kM,
Result: Exact geometrical dependence comes from i = v/—1, k? + s> = —v? and

k? — 52 = t2. The spectral variables depend on the dimensions of the
scattering object and the coefficients depend on the product of

wavenumuber and dimensions as shown in chapter 2.
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In mathematical framework 2,we have summarized the method for the propagation
of electromagnetic potentials across a boundary of arbitrary geometry is presented, es-
tablishing the propagation of potentials on the same footing as fields across boundary.
No approximations were made regarding the size of scattering object and wavelength,
making it applicable to any electromagnetic problem. Using potentials helps alleviate
the problem of low frequency breakdown making it applicable to any scale, and for
any materials. With the knowledge of sources and point of observation, potentials

can be calculated as,

- / G(r,r')j(r')dr’ (3.58)

The vector potential can be be written as a linear combination of the vector eigen-

function

1 [o@)
- E Z LquS + a’MMPqS( ) + ar]prqs(r)] (359)
n=0

and consequent electric and magnetic field vectors are given by

E(r) = Z[af‘fl\/[pqs(r) + a,]:[Npqs(I‘)] (3.60)
= w Z Nypgs (1) + a5 My (1)) (3.61)

This formulation can be used for any geometry, by replacing the scalar generating
function based on geometry and coefficients ‘a’,’ serving as reflection and transmission
coefficients. The complex integration over spectral variables have to be carried out
to capture near field effects. For far zone fields, asymptotic expressions for Bessel
functions can be used to simplify the problem.

For rectangular geometry, the generating function is combination of sines and



80

cosines and can be expressed as

Ypgs (1) = Sin(z?) sin(?)eiqz (3.62)
For cylindrical geometry,
Upas (1) = Jp(sp)ePe 0 (3.63)
For spherical geometry,
Vpgs(1) = 2n(sp) Pl (cos 0)e'1? (3.64)

The framework also provides an opportunity to study the effects of change in po-
sition of the source on the measured scattered field. This method also decreases the
computation time as the dyadic Green’s function is composed of well defined Bessel
functions and their derivatives. Design and characterization of meta-surfaces is also
refined by the use of this method. Since any surface when fabricated is not truly
two dimensional then the simulations should also be carried out with the added con-
dition where one dimension is considerably smaller than other two dimensions. It
can also be modified to be used for chiral and bianisotropic media by changing the
scalar spatially varying permittivity and permeability to its tensor spatially varying
form in equation 3.41. The details of applications of this method to various geometry,
design and characterization of metamaterial properties will be covered in subsequent

chapters.



CHAPTER 4: META ELECTRODYNAMICS

So far, we have investigated the influence of geometry and surrounding medium on
propagation of electromagnetic waves through core-shell geometry where the fields
are related to each other using boundary conditions. The electromagnetic fields or
potentials inside the shells are usually neither studied in detail nor to my knowledge
any attempt has been made to engineer the distribution in the volume of the shell.

In this chapter, we have built a framework to study the following

e Distribution: Characterize and design the distribution of electromagnetic
fields and potentials inside the volume of dielectric and conducting shell or

solid structures.

e Dynamics: Interaction of localized current densities with incident electromag-

netic fields and perturbation due to presence of adjacent densities.

Since the geometry of a single meta-atom governs the detailed boundary conditions,
the analysis becomes extremely complex for the wide spectrum of shapes utilized to
construct meta-structures. This raises the question of how do geometrical parameters
such as curvature and thickness affect the distribution of current on the surface and
in the volume of the meta-atoms or eigen-modes? Here, we use differential geometry
to directly incorporate geometrical parameters into the existing formalism of electro-
magnetic interactions. This will provide a way to map structure to observed function
and to ensure that the method being developed can be generalized. Experimental
and theoretical results have demonstrated the importance of geometry in the study
of scattering and the three key components of such interactions are the wavelength

of the incident radiation, the geometry of structures and the material or constitutive
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parameters, all of has been embedded in the method. In this chapter, the theoretical
framework will be developed from first principles as most approximations are invalid
when structure sizes become comparable to wavelength. The basic understanding will
help develop physical intuition regarding the impact of loss mechanisms, scattering
from resonant and non-resonant meta-atoms, and also from 2D and 3D arrangements
of such structures. The incident field induces a current density in the meta-atoms and
thus the scattered field generated can be linked to the induced multipole moments
providing a method to connect observed global effects to local interactions.

The dynamics of interaction of localized current densities in a unit structure with
incident electromagnetic fields can be studied using semi-classical interaction La-
grangian and Hamiltonian. The effect of coupling between adjacent structures can be
understood by the perturbation in the dynamics accounted by damping parameters
and their effects on the observed far field. We have demonstrated the concept of cou-
pling parameters that can relate the local multiple scattering between meta-atoms and
their inter-element coupling effects to observable quantities but the rigorous mathe-
matics is yet to be developed.

The major impact of this method is development of a bottom-up theoretical frame-
work for analysis of interaction of light with meta-structures, which would be a major
step away from the existing mesh-based computational and small-field perturbative
models. This new characterization method relates the dynamics of current densi-
ties in meta-structures to the scattered field using multipole analysis of geometry
based current distribution. The effects of change in geometry of structures on the
induced current densities can be studied using differential geometry and group the-
ory approaches. These methods inherently exploit the symmetry and lack thereof
to predict the properties of structures and to classify them based on their response
to the incident field. Development of this framework improves the understanding of

interaction of various modes to achieve strong non-linearities for harmonic generation
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and can provide a basis for mathematical development of metamaterial-based lasers.
These tools for detailed understanding and numerical verification of meta-structures
will help to establish fundamental limits for scattering and losses, and will allow
identification of optimal structures having maximum response to incident radiation.

The study of non-linear phenomenon is dominated by perturbative models, inher-
ently restricting the magnitude of second- or higher-order effects. Interactions of
various multipole modes can be studied in order to enhance the second- and higher-
order effects along with the influence of epsilon-near-zero materials. One of the main
goals of this proposal is to establish the mathematical framework for analyzing strong
non-linear interactions using the multipole moments which can be manipulated by the
induced current densities. The analysis of single meta-atoms as entities possessing
various modes of radiation allows them to be treated as atoms which can be used to
develop sources of laser radiation. Experimental verification of limits of losses from
well-known structures has not been discussed in this dissertation but computational
studies of bianisotropic structures for second-harmonic generation can be done using
the method developed. Using the adaptable framework developed we can develop
a table of meta-structures according to their properties and meta-surfaces for max-
imum response to radiation and hopefully can achieve the most ambitious goal of

experimental demonstration of metamaterial lasers.
4.1  Distribution

In order to develop a complete understanding of light-structure interactions both
the geometry of the scattering object and the nature of excitation have to be con-
sidered, especially when the structure size is comparable to wavelength of incident
radiation [49]. In this section, we build a rigorous theoretical framework for analyzing
the responses of a structured material by characterizing the interaction of electromag-
netic waves with meta-atoms in terms of induced current densities and relating the

eigen-modes of current distribution to the scattered field through its multipole mo-
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ments. The effects of interactions between several adjacent meta-atoms in different
arrangements on the current dynamics can be studied using principles of quantum
electrodynamics and can be associated to observable far-field effects. In order to en-
sure generalizability of the method we can decompose the induced current densities
into temporal and spatial components which be dependent on the geometry of the
meta-atoms through differential geometry, hence mapping structure to function of
scattered fields. The aforementioned steps combined with specific functional forms of
material parameters will be used to determine the overall effective material parame-
ters of each meta-structure and their changes due to the interactions with adjacent
structures.

The distribution of current induced in metallic meta-structures depends on the skin
depth and geometry of the structure which plays a crucial role in accurate determina-
tion of scattered field. The traditional theory of skin depth may not be sufficient to
explain the interaction when the size of meta-atoms becomes comparable to the oper-
ating wavelength and the thickness of the structures becomes deeply sub-wavelength.
The experiments conducted (|87], and chapter 2) have led to unexpected results in the
scattered field from cylindrical shells when the interior contents are altered. These
observations imply that the skin depth can be varied by engineering the surface ge-
ometry. If we are able to excite Fabry-Perot type resonances then the transmission
can be increased as evident in Fabry-Perot cavities. This provides a new avenue for
exploiting the effect of geometry in the distribution of current in conductors with
finite conductivity. For ease of calculation, metals are typically assumed to have infi-
nite conductivity but as we know from calculation of transmission in cavities a slight
deviation from 100% reflectivity leads to a potentially large transmission. Hence,
similar resonant effects can lead to modification of the skin depth in finite conductiv-
ity calculations allowing skin-depth engineering. Skin depth can also be modified in

the dielectric structure 88| by designing structures using layers of different materials.
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In this section, we will discuss the decomposition of current densities into multi-
pole moments and accurate calculation of current distribution in three dimensional

structures.
4.1.1  Multipolar Analysis

The diversity of meta-atom geometries and the spectrum of frequencies spanned by
metamaterial applications makes the development of single analytical framework to
characterize the interactions very difficult. However, this complex task can be simpli-
fied by dividing it into smaller problems. The analysis of a single meta-atom can be
done using multipole theory which expresses observable quantities in terms origin de-
pendent such electric and magnetic polarizabilities or multipole moments. Multipole
expansions in electrostatics, magnetostatics and electrodynamics provide a useful and
powerful method for characterizing charge and current densities, and the generated
electromagnetic fields and potentials. Since, the multipole moments are generated by
the induced current distributions in the individual meta-atoms this method provides
an opportunity to engineer the current distribution in these structures. There have
been efforts using multipole theory as way to characterize light-matter interactions
but the current is usually considered to exist in a spherical volume which generates
the multipole moments [89, 90|. There is a dearth of literature where the microstruc-
ture of the materials is analyzed precisely without any simplifying approximations. In
order to study the accurate analysis of current distributions in metallic and dielectric
structure we to understand how current distribution is related to multipole moments.

First, we will be look at the traditional multipole expansions presented in standard
textbooks [38, 91| for electromagnetic potentials. In the case of a finite, continuous
charge distribution with density p and the origin within the distribution (see figure
4.1a), the charge density infinitesimal volume dv at r’ is pdv. The electromagnetic

potential at point P located at r is
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1 p(r)dv
P(r) = 4%0/‘/ T (4.1)

r'|
If we assume that the zero of the potential is at zero then for a point r >> r’, we

can expand the denominator

e -1/t =(r* —2r v + 7"2)_%

1 1 1
:;(1 + ﬁ[rQ —2r-1'])72 (4.2)
1 LT v 3(r-r)2—1r%?  5(r-v)d —3r3(r 1)
o r3 2r5 2r7

(a) Discrete charge distribution. (b) Current distribution.

Figure 4.1: Coordinates for finite and continuous charge and current distributions.

Hence, using equation 4.1 and 4.2, the multipole expansion of electrostatic potential

is given by

1 i 3rir; — 120
q —p. + #%‘j*’

(4.3)
57‘,"/‘]‘?“].C — TZ(Ti(Sjk =+ rjdki + rkéij)

2r7

Qijie + -+ ]

Similar expression can be derived for discrete charge distribution with N charges

q' (i=1,2,---,N) each located at position r'
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1 X g(r)dv

" dreg — |r —r'|

O(r)

(4.4)

In the case of finite current distribution as shown in figure 4.1b, the vector potential

at point P is given by

po [ J(r)dv
A(r) = — 4.5
O o e (45)
Thus, multipole expansion for magnetostatic (V-j(r)) = 0 vector potential is given

by,

Ho 1 . T . 37'i7'j — T2dij / i
Ar)=—|- id — irid _— riTd e 4.6
(r) 47r[7"/V] U+r3/vjrj v+ 575 er]rk v+ -] (4.6)

We are interested in the interaction of light interactions which is a dynamic system,
hence we have to look a the multipole expansion of electromagnetic potentials. In

Lorenz gauge, potentials are given by

1 p(r,t — @)dv
(r) = - / — (4.7)
e Jy lr — /|
. |r—r’|
t——)d
sz%/m’_g“’ (4.8)
T Jy r —r/|

Here, ¢ is the speed of light in vacuum, V' is volume of current and charge densities

at retarded time r,? — Lcrl‘ For a field in the far field (R >> r), retarded time can
be written in terms of retarded time at the origin ¢/,

v —r'|
t —

—t— L At =1+ At (4.9)
C C

where,
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_ 1 E’I"' + vy — 7’251']' re+ 3TiTka - r2(ri2k5+ rjéki -+ deij)
T

ririrE+ -] (4.10)

Making a Taylor series expansion of p(r,t' + At) about #/,

op(r,t) . 1p(x,t)’ 1 Pp(r,t)"
p(r,t’—l—At) :p(r,t’)—i— ot At+§T At2+§T At3 (411)
Using equation 4.10, p = p(r,t') and p = 8’)(”) , we get

dr Ty — 20 L Ty
p(r,t + At) = p+ p——ri+ [p— L+ oIt

cr 2cr3 2¢%r? (4.12)

1 R e TTST '

[—=(p+ p) [3rirjry — 2 (16 n + 150k + ri0i)] + P F%]Tirjrk +---

6erd

The scalar potential in terms of electrical multipole moments is given by,

1 q 7 R 3rir; — 120y R . riri
d(r,t) = e, [7" (pZ + p,) + %(%’j + Z%‘j) + 5 2J3C]za
Sririrg — Q(Ti5‘k + 750k + T10i5) R
+— A (i + —4isn) (4.13)
67’i7‘j7ﬂk - TQ(rz(S]k + T](;kz + 7’]@(513) vy ...
—+ 6@27-5 kTt 6 3,4 — = 1 ijk + - ]

Similarly, for electromagnetic vector potential can be written in terms of electric

and magnetic multipole moments,

1 pz T 1 . r 1 .
Ai(r,t) = ey [+ 5565 — emwmi) + < (a5 — €nma)]
3riry — 120 P i 1 r1 '
+ #[? + 7,_3[(5% — €muk) + E(gqijk — e (4.14)
rirE 1

Wﬁ%’k — €gitug) + -]
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The multipole moments are located at an arbitrary origin in the current distribution
and the retarded time is at the origin. The main reason to reproduce standard
results is to illustrate the presence of individual electric and magnetic moments in
the expansions for scalar and vector potentials. It should also be noted that the
vector potential contains both electric and magnetic moments and in order to retain

the magnetic quadrupole it is required to retain electric octopole.

ow @ I

Figure 4.2: Top: Distribution of discrete charge particles leading to dipole,
quadrupole, octupole moments. Bottom: Illustration of modes of current distribu-
tions or eigen-modes in meta-atoms for multipole moments.

Current and charge distribution in the volume of object is very important as it can

be seen from the table below.
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Table 4.1: Charge and current dependence of multipole Moments.

Moments Electric Magnetic
Monopole q= [, p(r)dv Does not exist
Dipole pi = [y, rip(r)dv pi = [,/ i(r)dv
Quadrupole | gy = Jy, rirsp(r)do Lais (8) — exgpmi(t) =
fvjl-(r, t)rjdv
Octopole Gijk = [y rirjrip(r)dv 2qin(t) — Seumun(t) —
%eiklmlj(t) = fvji(r,t)rjrkdv

where, €;j1€x0m = 0i10jm — 0imd;i. The exact calculation for higher order multipoles
have been calculated rigorosly in Ref. [92] and can be adapted for calculation of
multipoles of meta-atoms. It is also imperative to realize that multipole method is
also valid for macroscopic medium. Since, Maxwells’ equations are valid over any
geometrical scale, then for microscopic equations where electric (E™(r,t)) and mag-
netic (H™(r,t)) vector fields generated by microscopic charge (p™(r,t)) and current

(7™(r,t)) densities is given by,

V. E"(r,t) = Eipm(r,t) (4.15)
V-H"(r,t) =0 (4.16)
0
V x E™(r,t) = —uoaHm(r,t) (4.17)
. 0
V x H"(r,t) = j"(r,t) + ec—E™(r, ) (4.18)

ot

Averaging the microscopic fields and source densities using methods outlined in
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[38, 93, 94] the bound charge and current densities become evident

V. E(rf) = é(pf(r,t) ) (4.19)

V- H(r,t) =0 (4.20)

V x E(r,t) = —MO%H(r,t) (4.21)

V x H(r,t) = js(r,t) + jo(r,t) + eOQE(r, t) (4.22)

ot

The bound charge and current densities can expanded in macroscopic multipole

moments from equations 4.7 and 4.8

1 1
po(r, 1) = =ViFi + SViV;Qij — cViViViQije + -+ (4.23)
. : 1 . 1 - 1
Juir,t) = Py = V(5 Qi — €ijeMi) + V(5 Quje — S€igeMig) + -+ (4.24)

Thus, macroscopic fields for each component in electric octopole -magnetic quadrupole

becomes

1 1
Di(r, t) = GOEz' + Pz — ivaU + avkvawk —+ .- (425)

1
Bi(I‘, t) = /vLOHi — ,U,()Mi + /,Loévj'Mz‘j + .- (426)

Multipole moments have been used to analyze interaction of light with structures
in large variety of scenarios from study of molecules in chemistry [95|, astrophysics

[96] and widely in metamaterials [97, 98, 99, 100]. The multipole approach helps
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create a relationship between observed macroscopic response to microscopic interac-
tions within meta-atoms. It helps relate the magnetization induced in meta-atoms
to magnetic multipole moments and deduce the physical implications of the mag-
netic interactions on the overall response. This method can be used to derived the
geometrical dependence of polarization and magnetization densities as shown later
in the chapter and hence geometrical dependence of constitutive parameters. This
allows design of meta-atoms from very basic principles and which can be extended
to a wide variety of meta-atoms such as, plasmonic, active, passive and quantum
metamaterials.

The multipole method can be adapted for analysis of meta-structures, where each
meta-atom can be approximated as point current distribution and using multipole
expansions for spherical geometry [38]. In general, the total field generated by total
current distributions can be represented by superposition of point current densities. It
has already been shown that superposition of dipole and torodial moments to generate

non radiating anapole moment [35].

(r,0,¢) = EOZ Z (20 + 1) 5[;aE(l,m)V (W (kr) Xy (0, 9))
I=1 m=—1 (4.27)

anr (1 m)hy ) (k) Xom (6, 6))]

00 l

HL(r0,6) = 203 37 (@4 D) ans(lm)V x (b0 (k)X (6, 6))
(A — & (4.28)

—|—CLE(Z, m)hl(l) (kT)le(eu ¢))]

where, 7 is the impedance, hl(l)(x) is the spherical Hankel function of the first
kind and X;,,,(z) is the normalized vector spherical harmonics. The wavenumber k

is calculated for the surrounding medium which has the impedance 1. As shown in
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Unidirectional scattering

Zero

backward
scattering

Zero
forward
scattering

Nonradiating
current
Anapole mode

4 »
# _," \‘ Scattering
cancelation

Figure 4.3: Ref. [90]: Constructive interference electric and magnetic dipole lead
to zero back-scattering and destructive interference leads to zero forward scattering.
Later cancellation of radiation pattern leads to a non radiative anapoles.

chapter 3, the vector wavefunctions form a complete basis to describe a scattering
problem. They also help describe the scattering and extinction cross sections in
a compact form. The scattering cross-section (o) describes the amount of power
scattered by the scattering object with respect to power per unit are carried by the
incident wave. The extinction cross section (o.) describes the amount of overall power
extracted by the scattering object with respect to power per unit area carried by the
incident waves. The absorption cross-section (o,) describes the power absorbed by
the scattering object with respect to power per unit area carried by the incident

waves. The expression of the cross-sections is given by [101, 32],

?T‘l:]

Z Z 21+ D|ap(l,m)*> + |ar (1, m)[*] (4.29)

The extinction cross section depends on the choice of polarization and propagation

direction of the incident field, for a z-polarized wave traveling z extinction cross-
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section is given by

T o0
—2 Z 21 + D)R[mag(l,m) + ap(l,m)] (4.30)
For y-polarized wave
T o
%w:—p§: (2l 4+ 1D)Sag(l,m) + may (1, m)] (4.31)
=1 m=—1,+1

where, (-) and (-) represent the real and imaginary parts. It should be noted
that the summation for m is carried over just two values. The absorption coefficient

is given by

Oe =0, — O (4.32)

The calculation of the coefficients for scattered field over any spherical volume in

terms of scalar spherical harmonics (Y},,(0, ¢)) is given by

m) = (—i)l“kr T * I- r) sin
azll %VW@w&hm+nw+ngA AY%@@ B (x) sin B (4.33)

= (—z’)l+1nk7’ sin
‘Wmm%V&@m%hm+ z+1§/ / H(r) sin 0dfde (4.34)

Using the Maxwell’s equations and multipole representation of charge and current
densities (equations 4.23 & 4.24) provides a way to control the exact scattering from
meta-structures. The main question is that can the current density be manipulated
using geometry and what is the exact distribution of current inside the volume. In

the next section, we will derive the geometrical dependence of current distribution.



95
4.1.2  Skin Depth Engineering

As we saw earlier that the analysis of electromagnetic waves inside a conducting
volume is missing the component geometrical parameters. These formalism work well
in large cases but there may situations where these calculations may breaks down
or in the case of meta-structure design it may be desired to engineer the current
distribution. The accurate calculation of current distribution in a volume element
requires the exact representation of the surface. It is apparent that the calculation
becomes increasingly complex even for relatively simple geometries such as a ring. In
order to develop a closed-form solution for a more complex geometry we have use the
generalized coordinate system from differential geometry and develop a formalism for
electromagnetism in curved spaces fulfilling the need for a mathematical framework
for calculation of current distributions and scattered fields in meta-atoms of arbitrary
geometry. In this section we will follow the notations of Ref. [102] for differential
geometry properties which describes any geometric configuration (curves, surfaces

and volumes) using differential and integral calculus.
4.1.3  Theory of Curves

In order to develop the mathematical framework in generalized coordinates we in-
troduce a set of local coordinates at the surface S. One of the key aspects of generalized

coordinate system is the parameterization of space.

e Three dimensional position vector x, where 1, x9, x3 are coordinates.

X = (21, T2, T3) (4.35)

e The parametric representation of the position vector is given as

x = (21(8), 2(8), 23(5)) (4.36)
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where, t is real variable defined in the interval I : a <t < b. This means that
for every value of ¢ there is a point in three dimensional space that has position

vector x(t).

An arbitrary three dimensional curve C' can be parameterized using the arc length
s as the parameter x(s). Two points on the curve separated by h determine a chord
between s and s + h with direction of the tangent vector x(s + h) — x(s), thus the

unit tangent vector at point x(s),

. x(s+h)—x(s dx
t<8>:,£:“%< ;)L ():E

(4.37)

e A straight line passing through a point P in the direction of the unit tangent

vector (see figure 4.4a) through a point on curve is called a tangent.

e The totality of all vectors bound at a point of the curve which are normal to

unit tangent vector is called normal plane.

t(s) x(s+h)

(a) Tangent vector and Normal plane (b) Osculating plane.

Figure 4.4: Parameterization of a curve.

In figure 4.4b, we have two points p and p; on the curve C joined by a straight line.
If the point p; tends towards p, then in the limiting case line joining them becomes

a tangent. Hence, we want to determine the limiting position of plane through the
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points p, p1 and py as both points tend towards p. The parametric values of points
s, s+ hy, s+ hs, respectively gives a chord vectors pp; and pp, which span the entire

plane in the event of linearly independent.

a; = x(s+ h;) —x(t) (4.38)

The plane is also spanned by

L oa 2(v? — vl
S == 7 4.
v > & w T = (4.39)
Using Taylor formula
/ h; " 2
x(s 4 h;) = x(s) + hix'(s) + =x"(s) + o(h}) (4.40)

2!
If f(2) and g(z) are non zero functions the interval with z = 0 such that quotient

g(z)/f(z) tends to zero as z tends to zero then g(z) is said to be o(f(z)). Hence if
0(h1> + O(hg) = O(hg — hl), we get

v =x/(s) + %x”(s) +o(hy) (4.41)
w =x"(s) + o(1) (4.42)

o If h; — 0, then v! — x/(s) and w — x”,(s). And if x/(s) and x”(s) are
linearly independent then they span the plane namely, osculating plane. Thus,
osculating plane at point P on curve C' with z is the position vector of a point

on it is given by

|(z —x)x'x"| =0 (4.43)
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e When the osculating plane passes through the tangent, the intersection of os-

culating and normal plane is called principle normal.

Parameterization of surfaces require calculation of some basic tensor quantities. For

a curve on surface S : x(u', u?) can be represented by a parameteric representation

ut = u'(t) u? = u?(t) (4.44)

Figure 4.5: Point P in three dimensional space.

In order to determine the element of arc (or linear element) of the curve which

leads to first fundamental form.

3
ds® = Z dr? = dx - dx = (x1du’ + xodu?) - (xydu’ + xodu?) (4.45)

i=1

ds® = x; - x1(du')? + 2% - Xodu' du® + x5 - Xo(du?)? (4.46)

e Using the x, - Xg = gop are components of metric tensor tensor or fundamental

tensor.
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e Note superscript represents contravariant behavior and subscript represents co-

variant tensor.

2 2
ds® = Z Z Japdu®du® (4.47)

a=1 g=1

e Without any detailed calculations, the second fundamental form is defined as

9*x

bag =Xaqg 1D

The second fundamental form is invariant with respect to any allowable coordinate

transformation which preserves the sense of the normal n evident by

bosdu®du’ = —dx - dn (4.49)

In order to parameterize the arbitrary and normal sections of a surface, we need
to introduce normal curvature
basdu®du®

Ry = W (450)

Thus, using the principal curvatures are the curves intersection of principal planes

with the surface which gives two main curvatures for the analysis of surfaces.

e Gaussian curvature of the surface at the point of curvature

K:K1K2:

— (4.51)
g
e For a sphere of radius r has Gaussian curvature %2 everywhere, and a flat plane

and a cylinder have Gaussian curvature is zero.

e The arithmetic mean of the principle curvature is called mean curvature
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Normal

Plane of Principal Curvature

Osculating Plane

Figure 4.6: Principal plane and principal curvatures.

1 1 1
H = S(k1+ rn) = §baﬂ9a’8 =50 (4.52)

e [t is related to the normal vector by

1
H=-V-n (4.53)

4.1.4  Asymptotic Skin Depth Formulation

In order to explain the method used in this section to derive geometrical dependence
of skin depth, first we illustrate the use of asymptotic methods to derive common
geometrical optics formulations, such as Fermat’s principle and intensity law using
the formulation used in Ref. [51].

In figure 4.7a a plane wave traveling positive z - direction shown which can be

written as
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(a) A plane wave. (b) A spherical wave.

Figure 4.7: Illustration of wavefronts and ray directions.

Ul(r) = Upe™* (4.54)

where, Uy is the amplitude of the incident field and the geometric waves are straight
lines propagating in z - direction and wavefronts can be written as z = constant. A
spherical wave generated by a point source at origin is illustrated in figure 4.7b which

can be written as,

U(r) = U (4.55)

kr

where, the optical path is simply a straight line originating from the origin. A more
general field can be written in the form which is not valid in every case but can be

used to define a ray with well defined direction at any given point.

U(r) = a(r)e™®) (4.56)

Substituting this trail solution in Helmholtz equation, we have

V - V]a(r)e* ™) + k*n?(r)a(r)e*® = 0 (4.57)

Using chain rule the differential equation can be expanded as and dividing the

common exponential term,
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V2a + 2ikVa - VS — k*a(VS)? + ikaV?S + k*n*a = 0 (4.58)

As both a and S are both real valued functions, the real part of the equation

becomes
Via — k*a(VS)? + k*n*a =0 (4.59)
After dividing by k?a and take the geometrical optics limit of A — 0 and k — oo,
we get

(VS)? =n? (4.60)

This is the Eikonal equation of geometrical optics which is the differential form of
Fermat’s principle. The expression 4.56 is the simplest form but a more sophisticated

model for geometric wave can be written as

Ulr)=>)_ ‘(‘;}{E)‘"g (kS(r) (4.61)

n=0

Substituting in Helmholtz equation

(V2 + k2n2(r)] f: ‘(‘;{EQ kS — (4.62)

n=0

Using chain rule we can write

=1
> Ok [V2a, + 2ikVa, - VS — k20, (VS)? + ika, VS + k*n%a,] =0 (4.63)

n=0

The lowest order term n = 0,
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—k§(VS)? + k*n*ag = 0 (4.64)

which is the Eikonal equation. The next order term n = 1 gives,

2ikVag - VS + ikagV2S — a1(VS)? + na; =0 (4.65)

The last two terms vanish because of Eikonal equation and the rest gives the
intensity law of geometrical optics [51]. The case discussed here is for a scalar but
similar expression can be derived for electric and magnetic field vectors in Ref. [48],

which is given as

e,(r) ikS(r) h,(r) ikS(r)
E, = , e H, = , e (4.66)
’ ; (iko)™ ’ ;0(

Separating the spatial parts of the field vector in terms of a small parameters
provide an elegant way to obtain an asymptotic expression of light-meta structure
interactions. Now, we use these concepts to study conducting structure of arbitrary
geometry and surrounded by dielectric material interacting with an electromagnetic

wave with harmonic time dependence with angular frequency, w.

e Dielectric region: € = ¢y, 0 = 0 and p = pyg

e Conducting region: € = ¢,¢9, 6, = (1 + 2) = (1 4 =), 0(w) =0 and p = po

eow

Hence, Maxwell’s equations in space-frequency domain in both regions

For Dielectric,

VXxVxE-— w260,u0E = W]
(4.67)
VXVXH_(JJZEOILLOH:VXj

For Conducting region
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1
VXVXE_(l"J’_F)wzeO,UOE:O
. (4.68)

]
VXVXH—<1+F)W2EOIU,0H:0

Now, with all the basic quantities defined we can start analyzing the geometric
dependence of skin effect. We first split the parameterization of position vector using
the formalism developed in quantum mechanics of constrained particles [103| using the
unit normal n as shown in figure 4.8. The local coordinate system can be decomposed

in normal and tangential components as

x(x1, T2, x3) = o(xq, x2) + dxsn(xy, o) (4.69)

Dielectric
(g, 6=0)

Figure 4.8: Tllustration of arbitrary geometry of a conducting volume V represented
by red. Surrounding dielectric with ¢ = 0, represented by gray. The black lines
represents volume Vj of current inside the conductor with thickness §. Surface of the
conductor S is the interface between conductor and dielectric and Sy is the surface of
the penetrated fields.

We want to develop a metric tensor that can split any vector field F into normal
F,, and tangential Fr components which is a vector field F*, where v = 1,2 on the

surface Sy inside the conducting object at a distance  for the interface. The metric
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tensor

9ap(2) = fap — 20ap2” + blbys(2*)?

(4.70)
g3z =1, 3o =0
gaﬂ(x3> 0
gaﬂ(x?’) = (4.71)
0 1

In order to calculate the operators for Maxwell’s equations we need the determinant
of the metric tensor which is given by in terms of Jacobian expressed as a function of

Gaussian and mean curvature (H and K)

VI =V f(1 = 2H2® + K (2%)?) (4.72)

The calculation of exact solution for the decaying fields is still difficult to find,
hence using the formalism developed for study of scattering and general boundary
conditions [104] we want to calculate the series for skin depth. Henceforth, we will be
using the position vectors in local coordinate system, x = (zr, z,) = (24, x3). Using
the series expansion of fields using the proof provided in section 4 of Ref. [104], for

dielectric region

B4 (x) =Y AEY(x) = Ej(x) + AE{(x) + A’Ej(x) + - --

>0

HA (x) = > AH!(x) = H(x) + AH{(x) + A’H§(x) + - - -

J=0

(4.73)

In conductor region,



106

BS(x,A) = ST AVES(x, A) = Ei(x, A) + ABS(x, A) + AZES(x, A) + - -

J20

HY (x,A) = Y AHS(x, A) = Hi(x,A) + AHf(x, A) + A’ Hg(x, A) + -

>0

(4.74)

where, the functions in the conductor is calculated at A from the surface in the
normal direction and Z(z3) is a smooth function on the surface and equal to 1 outside
the conductor region. Physically, it means that the field at a scaled distance inside

the conductor can be separated into tangential and decaying normal component.

Ej(x, A) = E<x3)9<xa7 %) (4 75)
Hj(x,A) = E(z3)h(z,, %)

In the case of very high conductivity the field penetration will be very small, hence
we need to add the condition e(z,,z3) — 0 and h(z,,z3) — 0 when % — 0. Now
using the wave equation for magnetic field with source located in dielectric region.

Thus, to be precise the expression should be

x3

ES(x,A) = E(z3)e(xq, A) + O(A — )
- (4.76)
He(x,A) = Z(z3)h(,, Z?’) + O(A — c0)

but the term O(A — o0) is understood and not explicitly written in the calcu-
lations. The convergence of series has also been proved in [104] along with error
analysis, hence it has not been reproduced here.

Substituting the asymptotic representation in equations 4.67 and 4.68, we get
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[V XV x-—weouo] Y ANE}(x,A) = iwpoj (4.77)
j=0
i 4
[V xVx-—(1+ P)w%m] Y NE!(x,A)=0 (4.78)
Jj=0

which can also be written as operator form

, i
LY NE{(x,A)=0 L=[VxVx-—(+ P)w%o,uo]l] (4.79)
Jj=0

The operators can also be expanded in power series using in terms of parameter

A, which has been proved in detail in Ref. [105, 106].

LIA] = 5 > oA (4.80)
n=0
where individual terms of the series are
LY (e) = —03eq — iweoiioea (4.81)

where, 03 is the partial derivative with respect to X3 = % and the vector field can

be split in tangential and normal components e = (e,, ex)

L;(e) = —2[)28365 + 83Da€]v — ibga3€a (482)

Thus, transverse components of I is L%

L3(e) = —iweopoen (4.83)

With the change of metric tensor

1
aaﬁ(e) = §(Da65 + Dﬁea) — baﬁeN (484)
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Li(e) = aZ(Je) + bjosen (4.85)

In order to calculate the relationship between the fields in dielectric and conductor
region we have to use boundary conditions for the coefficients on surface S. The
boundary conditions can be derived using the same method as equation 3.11 on

equations 4.68 and 4.67.

VxE4{xn=VxE}xn (4.86)

“xn=E% xn (4.87)
The operator T = V x - x n is in the local normal coordinate system and for

e = (ea, en)
(Te)q = 05 eq — Doen (4.88)

After scaling the operator to X3 = %, we can expand it in the power of A

T[A] = X + T (4.89)

where, the surface component terms can be derived using 4.88 and the scaling

factor

T (e) = Dse4 T.(e) = —Dgen (4.90)

Thus, the boundary condition on surface S becomes,

T[A]) " A”e(4,0) = Y A"V xEf xn (4.91)

n>0 n>0
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From definition of operator T, we get

T (eo) =0 (4.92)

and

T (eo) + T (ep) = (V x E? x n), (4.93)

Thus for first asymptotic n = 0, ey wave equation and boundary condition become

d3e0(Ta, X3) — iw’eopioeo(Ta, X3) = 0 (4.94)

8390(l‘a, O) =0 (495)

Thus for a unique solution for ey such that ey — 0 when X3 — o0, we get
€o(Ta, X3) = 0. Recalling L = —iw?epppen, the zeroth order field inside the conduc-

tor is zero.

e(xq,X3)=0 (4.96)
Thus, for the dielectric region
[V X V x - — wleouo) AV Ed(x) = 0

(4.97)
Ei(x) xn=0

The next term n =1,

Observing that the series has common terms for order of A, we get



L) =0  L°e;)+L'(e) =0 > L""(en) =0

die1(Ta, X3) — iw’eoioer (Ta, X3) = 0

0s€e1(24,0) = Eg(x) X Nn(Zq,0)

In order to solve the partial differential equations, we use a common trick

Ed(x) x n(24,0) = kRu(24)

_,T
where kK = e " 1w, /eollo

e1(Ta, X3) = ~R(ya)e "3 = —(EL(x) X n(z,,0))e "3

For the dielectric part

[V XV x-— CL)ZEO/,LO]AJ'E?(X) =0

Elx)xn=—-El(x)xnxn

For the next term n = 2, surface component becomes

110

(4.98)

(4.99)

(4.100)

(4.101)

(4.102)

(4.103)

8§e2,a(xa, Xg) —iw2€ouoez’a<l’a, Xg) = —2b283e1,,7(:1:a, Xg) +bgagel7a(xa, Xg) (4104)

03€9,4 (T4, 0) = (EY(x) x n)q(24,0)

Thus,

(4.105)
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@200 X3) = [+ (- + X) (B1Ro, — HRq)|(5)e (4.106)
where,
El(x) x n(24,0) = R o(0) (4.107)
and the normal component
e(xq, X3) = —%DQRO’Q(Qig).Tﬁ@Hg (4.108)

In order to calculate the magnetic field in the conductor region we can use Faraday’s

law in generalized coordinates using Levi-Civeta matrix (¢¥/*),

(V x e)* = 37%(9eg — Dge) (4.109)

(V xe)® =ePDleg (4.110)

The contravariant components (¢*) depend depend on normal coordinate §

(9%) = (detoas(8)) 2€oli, j, k) (4.111)

which implies

(€7%) = 072 (1 4+ 2HG + O(82))eo (4, §, k) (4.112)

4.1.5  Physical Interpretation

In the simplest interpretation of the results are

e n = 0 Perfect conductor condition as there is no penetration
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e 1 = 1 Real conductor condition
e 1 = 2 Conductor with curvature condition

The results obtained in the equations 4.102 & 4.104 show that the fields inside the

conducting volume is function of geometry.

Econductor = E(H7 bf,);) (4113)

We can explore ways the use of geometry to tailor losses in meta-structures by rep-
resenting them as accurate current distribution and polarizations in order to under-
stand the dynamics necessary to achieve magnetic dipole flipping. The total induced

current can be decomposed in electric and magnetic current densities.

i =50 i g = T g k) (411a)

The geometrical dependence of charge and current densities lead to geometric de-

pendence of material response as shown by

D(r,t) = ¢E(r,t) + P(H, K, t) (4.115)

B(r,t) = poH(r, t) + M(H, K, t) (4.116)

4.2 Dynamics

In this section, we will describe the dynamics of the interaction of localized modes
of current distribution with the incident electromagnetic fields. The dynamics of
these modes decay due to radiation and ohmin losses and gets perturbed by the
presence of other structure. This method is different from the traditional quantum

electrodynamics method because the modes localized is quantized making it semi-



113
classical. However, this method can also be used for quantum metamaterials by
replacing the finite current distribution by quantized distribution.

We can tie together various applications of structured materials in one method
using concepts of quantum electrodynamics for the dynamics of interaction, and dif-
ferential geometry to incorporate the geometry of structures in the framework of
meta-electrodynamics. Stated simply, in this method meta-atoms are represented as
multipoles generated by induced current distributions which interact with each other
and with the substrate to produce observable far-field effects. The problem statement
can be generalized with the help of mathematical techniques which exploit the pres-
ence or lack symmetry of individual structure and ensembles of them. The coupling
between various structures provides a method to control the decay rates and local
current distributions enabling tailoring of radiation patterns in individual structures.

We propose to develop a new method to develop a precise understanding of the
structure and dynamics of meta-structures providing better control of internal and
external degree of freedoms for realization of many applications. This provides an
elegant way to develop modes of the field distribution in ensembles of meta-atoms
incorporating effects of shape of meta-surfaces on the observed fields. It allows one
to span the range of metamaterials being operated at radio-frequencies to quantum
metamaterials in a single formulation. Hence, Green’s functions combined with effect
of coupling should provide a good platform to understand metamaterials from physical
point of view. Now, let us look at the important components required to understand

the dynamics of such interactions.
4.2.1  Dynamical Variables

From Maxwell’s equations, we can see that the rate of change of electric and mag-
netic fields with respect to time depends on their spatial derivatives in the neighbor-
hood of point r. In the reciprocal space, fields can be derived from spatial Fourier

transform
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1 3 —tkr
¢k, t) = TRE /d rE(r,t)e (4.117)
1 3 —ikr

Table 4.2: Real and reciprocal representation of electromagnetic quantities.

Physical quantity Space-time Reciprocal-time
Electric Field E(r,t) ¢(k,t)
Magnetic Field H(r,t) H(k,t)
Electric Displacement D(r,t) D(k,t)
Magnetic Induction B(r,t) B(k,t)
Vector Potential A(r,t) Ak, t)
Scalar Potential ®(r,t) Bk, t)
Charge Density p(r,t) R(k, 1)
Current Density j(r,t) J(k,t)

We can use the definitions above to derive Maxwell’s equations in reciprocal-time

domain and using the definitions of longitudinal vector quantities,

1k x m”(k) =0 (4.119)

Transverse vector quantities
ik- U, (k)=0 (4.120)

we can get longitudinal and transverse components of electromagnetic quantities.

From Maxwell’s equations it becomes evident that magnetic field is purely transverse
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ik - B(k,t) =0 (4.121)

and decomposing a vector into its longitudinal and transverse components

V) (k) = klk - B(k)]

(4.122)
U, (k) = V(k) — U (k)
we find that the longitudinal electric field is not dynamic in nature
e ) — — Koy (4.123)
’ N € k2 )

Thus, the dynamics is contained in the transverse components of the electromag-

netic quantities. From Maxwell’s equations, we can derive the dynamic equations

g% = —ik X ¢

g Z . (4.124)
g = ——kxB-—J,

ot €olho €0

Note,

e The source term is J, and not J but in real the relationship between j, and
j is non-local hence the dynamics at any time ¢ is affected by current at every
point. This comes very subtle aeguments of delta function. (see page 14 Ref.

[39]).

Equation 4.124 can be used to derive a set of normal variables with normalization

constant A(k)

Al t) = —— ' [€,(k,t) — ——k x B (k1) (4.125)

2A(F) Ve
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k x B, (k,t)] (4.126)

bk, £) = —#(k)m(k, 0t e

Using the complex conjugate properties of the reciprocal fields
b(k,t) = —a*(—k,t) (4.127)

Thus, we get the dynamic nature of the fields can be encapsulated in one term

a(k,t)

¢, (k,t) = iA(k)[a(k, t) — a*(—k,t)] (4.128)

B(k,t) = “\6(()2 [k x a(k,t) + k x a*(=k, t)] (4.129)

Thus, similar expression can be derived for vector potentials using

E (r,t) = —%ALO', t) (4.130)
B(r,t) =V x A (r,1) (4.131)

Now, let us look at a method using which Lagrangian and Hamiltonian of the

interactions.
4.2.2  Lagrangian and Hamiltonian Formulations

The Lagrangian for the system made up of particles interacting with the electro-

magnetic field is derived as a function of dynamic variable of each particle. In standard
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formalism, the position vector and it’s time derivative serves as the dynamical vari-
able and electromagnetic potentials for the incident fields because the equations of
motion are second order. The dynamics of the system of particles + electromagnetic

field can be derived from standard Lagrangian

L= Z %mzl‘? + %) d3r[E2(r) — CQBZ(r)] + Z[qifi . A(rl> _ CIz'(I)(I‘i)] (4_132)

The Lagrangian has three terms

For particles

1
Ly=)_ §mi1‘? (4.133)

For the electromagnetic fields

Lon =2 / PBr[EX(r) — 2B(r)] (4.134)

For interaction

L= Z[qm A1) — ¢®(ry)] = / Brlj(r) - A(r) — p(r)®(r)] (4.135)

Without going in rigorous detail, using the method developed in Ref. [39], the

conjugate momentum can be written as

(r) = ——— = ¢A(r) =D, (r) (4.136)

The Hamiltonian is given by

H= / dri(r)A(r) — L (4.137)
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Thus, Hamiltonian as a function of fields in real space

— G AT+ Voou + % /d?’r[(g)Q +A(V x A)? (4.138)

where, p; = mi; + ¢;A;(r) is the momentum associated with the discrete variable
4.2.3  Charge Coupled with External Fields

In order to understand the transformation required to understand the interaction
of current distribution with incident field we will see an example of localized charge
around the origin interacting with external electromagnetic field described by poten-
tials A.(r,t) and ®.(r,t). The Lagrangian and Hamiltonian which are functions of

dynamical variable of particles only,

1 ‘
L= Z 5 = Voou + Z[qiri CAd(r,t) — 0 (r, £)] (4.139)

H Z —q; (rl)] + VCoul + Z QZ e t) (4140)

Under the long wavelength where the localized charges form a globally neutral

system

Zqi =0 (4.141)

where, the spatial extent a, is small with respect to the length of variation of A.(r, )
and ®,(r,t) which is the wavelength of incident field. Upon expanding the potentials

into multipole moments and for the lowest order term, the dipole approximation

d= Z GiTi (4.142)
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Under this approximation, the Lagrangian becomes
1 i
L= smid? = Voo +d- A(0,t) —d - V.(0,1)] (4.143)

The momentum conjugate with r;

p; = mr; + ¢;Ac(0,t) (4.144)
The Hamiltonian becomes
H = Z ! [Pi — A0, 1)) + Veou +d - VO(0, ) (4.145)
p 2ml ’ ’

4.2.4  Power-Zienau-Woolley Transformation

The Lagrangian can be derived by using the Power-Zienau-Woolley Transforma-
tion [39] where the incident field is considered as a dynamical system interacting with
distribution of charge and current density. The advantages of using this approach are
that the coupling between fields and current is expressed as function of electric and
magnetic field and no longer has to be a function of vector potential. The system of
charges and current densities can be described by polarization and magnetization den-
sities which are functions of macroscopic variables, geometry and incident-radiation
time dependence. This provides a rigorous basis to develop the electrodynamics
of structured material where the displacement vector D is introduced naturally as
momenta-conjugate with vector potential. Thus, by using the multipole moments
of charge and current distributions we can get multipole expansion of interaction of
light with structured materials. This also delineates the magnitude of the multipole
moments and coupling Hamiltonian when the system is extended. This generalization
makes the method valid for single meta-atom or an ensemble.

As shown in section 4.1.2 the current densities can be engineered using geometry
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of structures. The polarization and magnetization densities characterize the behavior

of materials under the influence of incident fields and are zero outside the structure.

D(r) = E(r) + P(r) (4.146)

Considering, it’s divergence

V-D(r) =¢V- -E(r)+ V- -P(r) (4.147)

The electric displacement can be separated into parallel and perpendicular compo-

nents and for a electrically neutral system p(r) = 0,

D=0
(4.148)
D=D,
which implies,
P (r) = eoEy(r) (4.149)
Thus, Coulomb energy which is the energy of longitudinal fields becomes
1 3, 2
VC’oul = — d 'I"P\\(I’) (4150)
260

The variation of current produces a change in polarization density along with con-
tinuity equation, we get the polarization current density.
p+V-P=0 (4.151)

And the total current can be written as sum of polarization and magnetization

current densities, j(r) = jp(r) 4+ ju(r), where
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OP(r)

ot (4.152)
jum(r) =V x M(r)

jr(r) =

In order to include the accurate current distributions Power, Zienau and Woolley

introduced

Fo- / #rP(r) - A(r) (4.153)

which changes the interaction Lagrangian

oF . )

substituting the relationships of current densities
L) = /d3r(V x M) - A — /d?’rP-A (4.155)

Using integration by parts and definition of vector potentials, we get

L) = /di”rM-BJr/di”rP-EL (4.156)

Thus, the interaction can be expressed as localized polarization density with electric
field and magnetization density with magnetic field.

Similarly, the term for single particle containing the inertia,
L=>)" 1mii«? (4.157)
2 l

can be modified using the dynamic distribution of charge (I) which would lead to

kinetic inductance (li) energy
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1 .
LKinetic = Z §lkI2 (4158)

i
4.3  Characterization of Interactions

The research for interaction of light with structured materials is heavily dependent
on the computation and thus lacks inherent physical intuition. Currently, the most
popular technique for analysis of such structures is finite-element analysis using com-
mercial software. These programs are heavily mesh-dependent and are programmed
to provide quick solutions using equations which may not be valid at the mesoscale.
Recent papers [31] have discussed the factors that were missed using such programs,
especially in non-linear applications. There have been studies where finite-element
methods break down for deeply subwavelength structures [61|. But this issue can be
resolved by using electromagnetic potentials instead of fields Various homogenization
methods are used to average the effects of ensemble of meta-atoms over the volume
of unit cells. These homogenization methods fail to capture the multiple-scattering
effects that may lead to localization of fields within a system. In general, it is assumed
that each meta-atom is only excited by the incident waves but the spacing between
adjacent meta-atoms is subwavelength, which leads to strongly scattered fields act-
ing as input fields for other meta-atoms. Accurate analyses of strong interactions
between a metamaterial’s unit cells often requires simplifying assumptions, such as
the elements being arranged in an infinite lattice. But the discrete nature of meta-
materials becomes apparent when the infinite lattice symmetry is broken [107, 108]
and effects of local fields become more important. The strong interaction between
these structures renders them very sensitive to finite size effects and to disorder in the
lattice [109]. Strong interactions between resonators can find important applications
in metamaterial systems, providing precise control and manipulation of EM fields

on a subwavelength scale e.g., by localizing sub-diffraction-field hot spots, similar to
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Anderson localization of electrons. Different methods are chosen depending on the

application and the geometry of the meta-atom, which hinders development of an
overall classification of these structures.

The major change in formulation can be observed when we transition from bulk

bianisotropic media to bianisotropic meta-atoms. In the dipole approximation, the

moments generated by the incident field are described as

P= OZ& : Eloc + O;Zm : Hloc (4159)
m = O;:ne : Eloc + a;:m : Hloc (4160)

It also important to realize that one meta-atom can support various modes of os-
cillation and hence during the calculation of various eigenmodes is essential. The
study of interaction between various eigenmodes is also valuable as under certain cir-
cumstances unexpected results can be observed. Modal analysis of light interaction
with cylinders have shown the existence of resonances at certain frequencies which
may affect the scattering properties [19]. However, the analysis becomes increasingly
cumbersome when the geometry becomes more complex which makes it imperative
to develop a framework that capable of handling complex configurations using differ-
ential geometry. Geometric effects may introduce non-linearity which can be studied
using the multipole method described earlier. There have been papers showing that
negative index can be achieved away from resonances by exploiting chirality [29] and
bianisotropy. This can pave the path for low-loss metamaterials for applications in
time reversal.

The polarizability coefficients are geometry dependent and in case of spheres they
can be derived using the Mie coefficients. Under the dipole approximation, interac-

tions between various modes of combination of sphere such as dimer and trimer [110]
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can create a perfect bianisotropic meta-atom. There have been efforts to develop mul-
tipole nonlinearity of metamaterials using a hydrodynamic model where the modes
are generated by localized charge densities located at certain positions. However, a
complete dynamic description would require calculation of current distributions not

making prior assumptions as to the location of charge densities.
4.4 Conclusions

The ecosystem of metamaterials consists of a wide variety of resonator geometries,
hence analyzing them using one framework is a complex task. Meta-atoms can be
composed of metallic structures supporting plasmonic oscillations, allowing internal
current flows. The dielectric meta-atoms have a system of surface current that are in-
duced based on the geometry. As we saw in previous section, the multipole moments
are dependent on the accurate determination of current distribution. Currently, there
are no rigorous methods available to map structure to function and computations are
mostly dominated by mesh-dependent methods. We extend the method developed to
describe light interaction with the general bianisotropic structures. Identification of
the spatial profiles or eigenmodes of the structure with one formalism is complex be-
cause the coordinate system is dependent on the geometry of interfaces and associated
boundary conditions. Use of differential geometry simplifies the identification process
of the eigenmode bases which can be supported by the structure at certain incident
wavelengths. Structures are capable of supporting multiple modes, hence can produce
a combined effects due to mode interference. The geometrical information about the
structure can be expressed in the metric tensor. The first and second fundamental
forms are derived by a parametrization of the structure. This is extremely important
for analyzing 2.5D structures, where the local analysis can be done in three dimen-
sions and third dimension can be set to zero capturing the 3D interaction effects. This
gives an extra degree of freedom by assigning multiple modes of current oscillation to

each meta-atom, each with its own dynamic variable and mode function to describe
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the corresponding polarization and magnetization densities. For simplification of the
problem, each meta-atom can be assumed to possess only a single mode of current
oscillation. This is analogous to approximating an atom interacting with the EM field
as a two-level atom.

Mapping an observed function to structure as an inverse problem often leads to non-
unique solutions. Various numerical methods have been discussed in the literature
[45] but they are computationally very expensive. The classification of structures is
also a complex task due to the wide variety of geometries employed. Hence, classifying
structures based on the presence or lack of geometry seems to be an excellent starting
point. Using the methodology used in chemistry to classify molecules based on group
theory we can start to put together a table of structure based on symmetry [111].
Stereo-metamaterials [112] is a novel class of metamaterials where meta-molecules
are classified by techniques that are inspired by chemistry. It demonstrates the effect
of change in dynamics of current densities and observed properties based on relative
angle between two split-ring resonators. There have been other efforts to classify
3D meta-molecules using group theory, augmenting the inverse methods [40]. We
will develop a group-theory-based technique combined with the interacting multi-
pole method for analyzing 3D meta-molecules (oligomers). For example, molecules
in chemistry can be identified as IR- or Raman-active by just their symmetry group
without any actual modal solution governing the equation of motions of the particles
[113]. Comparing the molecules in chemistry to meta-atoms, the vibrational modes
can be equivalent to the fundamental modes of the meta-structure and hence princi-
ples of point group and symmetry can be exploited to obtain structure from function
and classify meta-structures. The method discussed above is appropriate for classifi-
cation based on electromagnetic response as identification of modes of structures and

effects on dynamics of current densities on constitutive relations are essential.
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CHAPTER 5: TIME REVERSAL USING META-MOLECULES

In chapters 2 and 3, we have studied the propagation of electromagnetic waves
through structures and obtained geometry based reflection and transmission coef-
ficients. In chapter 4, we have studied behavior of fields inside the volume of the
geometry by determining the distribution of current densities based on geometry.
The induced current density can be decomposed into multipole moments and their
interactions can be used to engineer large number of interactions. Multipole analysis
provides understanding of minutiae details of interactions of meta-atoms in various
metamaterials for linear and non-linear applications such as second harmonic gen-
erations [114]. Another building block of metamaterials are meta-molecules which
provides a method to tailor individual multipole moment of the unit structure. In
this chapter, we will present a method to analyze a meta-molecule which can be used
for time reversal of signals.

The issue of time reversal has been addressed for acoustic [115, 116] and electro-
magnetic [117] waves. In a non dissipative medium, for every wave produced by a
source there exists a time reversed wave that retraces the path exactly and converges
to the source location. In the basic experiment, the forward propagating wave is cap-
tured over a sufficiently long time window and the recorded signal is phase conjugated
before being propagating back in the same medium. Consider, a incident scalar wave

propagating in positive z direction,
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when it is substituted in the scalar wave equation we have,

Vi) — Qikg—f + [wpe(r) — K =0 (5.2)

Object

Detected Signal

A F}\y(r, t)

Figure 5.1: Detection of scattered field.

The complex conjugate of the wave equation,

*

V3 + Qikaw

5.+ [w?pe(r) = K|y =0 (5.3)

can be interpreted as describing the propagation of the wave in the negative z direc-
tion, which is opposite to F1(r) and having an amplitude complex conjugated at each

point.

Es(r) = R[Y* (r)e' )] (5:4)

This one-to-one correspondence is the reason for reversing the distortions occurred

during propagation effects by propagating the conjugated wave backward in the
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Figure 5.2: Propagation of phase conjugated waves in reverse direction.

medium which is equivalent to time reversal for unity gain [118].

Time reversal symmetry holds in a strongly heterogeneous medium which con-
tains multiple scattering events of the incident waves. In order to have a complete
understanding of how distortions can be corrected through phase conjugation, un-
derstanding the role of evanescent waves is very important and this has been studied
by Nieto-Vesperinas and Wolf [119]. However, under phase conjugation the homoge-
neous and evanescent part of the waves behave differently. Depending on the space
in which the waves propagate the phase conjugation of waves follow different rules.
If the waves propagate in same half space then the evanescent waves are the complex
conjugate of each other whereas homogeneous wave are the complex conjugate of the
reflected waves. If the waves propagate in complimentary half space then the homo-
geneous waves are the complex conjugate of each other whereas evanescent wave are
the complex conjugate of reflected waves. Hence, for any wave containing both ho-
mogeneous and evanescent components together, phase conjugation is not equivalent

to time reversal in the presence of losses. Thus, for time reversal with subwavelength
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resolution it is not enough to have conjugate media but two metasurfaces should be
complimentary to each other.

The time-reversal in presence of losses becomes complicated as time reversed version
of a passive lossy scattering event is an event active one. Phase conjugation can be
equivalent to time reversal in presence of evanescent waves only if gain is equal to
loss [118]. Time reversal experiments in presence of losses are difficult but non-
perturbative computational methods provide a solution to the problem. But inverse
methods have non-unique solutions and suffer from issues of convergence, hence the
reconstructions are not accurate and suffer from issues of noise.

Evanescent waves play an important role as they carry subwavelength information
and decay exponentially before reaching the detector thereby limiting the reconstruc-
tion to the diffraction limit. It has been shown at microwave frequencies [120] that
using a multiple scattering medium in the near field and back propagating the conju-
gated wave, two sources separated by subwavelength distances can be resolved. Time
reversal with low losses reverses the multiple scattering and converts propagating
waves back into correctly located evanescent waves thereby providing high resolution
isolation. Exploiting multiple scattering in a positive and a complimentary negative
index material can provide a way for analog coding and decoding of signal with high
spatial resolution. This may be the first attempt to specifically design a time reversal
metamaterial for analog coding and decoding exploiting densely packed scatterers (or
sources). Subwavelength focusing using time-reversal can be used for various appli-
cations in telecommunications and RF broadcasting where it can increase the rate of
data sent by increasing the number of antennas.

In our theoretical model, time reversal is used to image two sources placed at sub-
wavelength separation. We do not have a phase conjugated wave being propagated
backwards instead we are trying to code by scattering an image with subwavelength

features. Traditionally, imaging strongly scattering objects requires a nonlinear in-
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verse scattering algorithm capable of recovering images of subwavelength features but
they are computationally expensive and suffer from issues of non-uniqueness and con-
vergence. Fully reciprocal and complimentary materials that effect time reversal will
inform us about reciprocal meta-structures and their ability to recover subwavelength
scale features in a target by encoding near field with the help of a strong scatterer.
Achieving negative refractive index in metamaterial requires using the structures at or
near resonance frequencies, leading to very high losses. Exploiting shapes associated
with low loss, such as, bianisotropic structures give us an opportunity to design local
meta-atom and avoid exploiting resonant phenomenon which would keep losses low.
This will allow antennas operating at different frequency ranges to be placed closely
together without interference. It will also allow far field superresolved imaging to be

achieved and should be scalable to higher frequencies.
5.1  Time Reversal and Reciprocity

The metasurfaces described in the setup are composed of electrically small res-
onators or meta-atoms. The size of the meta atoms dictate the type of multipole
response and to avoid any non-linear effects, the size of the meta-atoms are restricted
to have dipolar response. In this section, we discuss the effect of time reversal on these
dipole moments. Under time reversal, the magnetic moments reverse their directions,
while the electric moments remain unchanged as illustrated by figure 5.3. Hence, in
a magnetoelectric model with parallel electric and magnetic dipole moments, then
become antiparallel during time reversal. The form invariance of Maxwell’s equations

under time reversal (7) gives
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TE(t) = E(—t)

TD(t) = D(—t)
(5.5)

TH(t) = —H(—t)

TB(t) = —B(-t)

For time harmonic fields, the complex vectors under time reversal can be written

as complex conjugate

TE = E*
7D = D*
(5.6)
TH = —-H*
7B = —B*
E E
H H

Figure 5.3: Illustration of the change in direction of magnetic dipole moment of meta-
atoms under time reversal. The electric moment remains unchanged, hence to create
two complimentary resonators or meta-atoms, the dipolar response should follow this
scheme.

The two sets of electromagnetic fields for the coding metasurface (E., H.) and the
decoding metasurface (E4, Hy) are generated by the electric and magnetic current
densities of the individual meta-atoms. When € and i are Hermitian, a generalization

of the energy flux conservation principle from Maxwell’s equations becomes,



133

V. (H: x Eg+ H; x E,) = Hym! + Ham’, + Ej° + Ej’ (5.7)

This indeed can be shown for the condition m., = my, j. = j¢, E. = E4 and
H,. = H, and integrating over a closed surface dI' enclosing volume I' gives the

Poynting vector

1
f Pd’r = ——/Re(Ez je+H: -m.)d*r (5.8)
5T 2 Jr

In its simplest form, the reciprocity theorem states that a system is reciprocal if the
response of the system is unchanged if source and detector positions are interchanged.

The reaction can be written as

<S,D >= / J, - EudV (5.9)
|4

Under reciprocity < S, D >=< D,S > but in order to design a complementary
medium for time reversal of waves with evanescent components, the following relation

should be satisfied, where '¢’ stands for complimentary.

< S,D>=<D,S > (5.10)

With the increase in complexity of a bianisotropic response of meta-atoms, the
expression for reaction relation (equation 5.9) becomes complicated but can be used

to derive essential relationships between constitutive parameters.
5.2 Role of Bianisotropy

It has been argued that a negative index makes a perfect lens [121] thus making
it ideal for time reversal with subwavelength resolution. But achieving negative in-
dex by driving electric permittivity and magnetic permeability through two separate

resonances leads to increased losses, especially at optical wavelengths. It was shown
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that a single chiral resonance can be utilized to achieve negative refraction for single
polarization [122]. Similarly, bianisotropic structures can be used to achieve negative
index by avoiding resonances. The response of bulk biansiotropic materials to an

incident field is described by

D(r,t) = € -E(r,t) + ¢ - H(r, 1) (5.11)

B(r,t) = ¢ - E(r,) + i - H(r, 1) (5.12)

In a source free region for a non absorbing medium, the time average of the diver-

gence of the Poynting vector vanishes (V - S) = 0, yielding a relationship.

H-B"-H" B+E-D*"—E*-D=0 (5.13)

In the presence of losses, where the energy is absorbed in the medium, the above
relation is not valid and certain restrictions are imposed on the susceptibilty tensors
based on Maxwell’s equations and constitutive relations. The tensors e and g must

be symmetric and non-negative definite. Hence, the tensor elements must satisfy the

following conditions alongwith &;; = —(j;
€ >0 ;>0 1=1,2,3 (5.14)
ar; < agaj; i < dydg; i=1,2,3 i#j (5.15)

However, metasurfaces are composed of discrete resonators which localize the in-
cident fields to achieve desired permeability and permittivity values. Hence, the de-
scription of a bianisotropic meta-atom is described by a different formalism in terms

of electric and magnetic dipoles
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pP= d—;e : Eloc + O;;m : Hloc (516)
m = O;Zle : Eloc + agm : Hloc (517>

Using the above relations we can now find the relation for reciprocal scatterers from
the Onsager-Casimir principle [123]

P « T ~ - t “— - t

Qe = Olee Omm = Omm e = —0Olem (518>

For passive meta-atoms, the imaginary part of the six-dyadic formed by four po-
larizabilities (84 — at) is positive definite and scalar parameters satisfy the condition
I peen) < S(aeeann). However, passivity does not impose any restriction on the
real part of the six-dyadic «. In naturally occurring materials, the magnetoelectric
coupling effects are negligible as compared to direct polarization effects. However
with careful design of meta-atoms we can enhance these coupling effects. It is known
that indirect coupling cannot be stronger than direct ones but for polarizabilties,

metal spirals near their fundamental resonance for example follow the relation [124]

’ahe&eh‘ = ’aeeahh‘ (519)

However, for bianisotropic meta-atoms the cross terms cannot be exactly equal
to the direct polarizability terms for passive scatterers. These terms for individual
meta-atoms are modified due to adjacent meta-atoms. The overall Green’s functions
of the metasurface derived using the dipolar terms of individual meta-atoms can have
fundamental a eigenfrequency different from the fundamental frequency of a single
resonator. This is mainly due to multiple scattering events and can be analyzed using

a multipole analysis of meta-atoms.
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5.3  Time Reversal using Bianisotropic Metastructures

The traditional condition for the time reversal effect resulting from phase conju-
gation [125| are, finite size lossless scatterers. A phase conjugate mirror should not
introduce any loss and gain and the mirror and observation plane should be far enough
away to avoid evanescent waves. However, the new concept introduced here requires
capturing the evanescent waves through strong multiple scattering and coupling and
then propagating to the observation plane. Subwavelength resolution is achieved by
placing a metasurface in the near field of the source to encode evanescent waves into
propagating waves. After the propagation in free space, these evanescent waves can
be decoded by a complementary metasurface in the near field of the detector. The
setup imposes the condition that the coder should have refractive index near +1 and
the decoder to have refractive index close to —1 to create a perfect imaging system.
The analysis of the entire system can be done using Green’s functions of the coder,
free space and the decoder. Since, the surfaces are composed of discrete resonators,
the Green’s functions have to be derived using a bottom up approach where individ-
ual excitation and decay rate are considered along with perturbations introduced by
multiple scattering events.

Meta-atoms composed of metals have inherent ohmic loss but dielectrics provide
a solution for reducing such losses. In order to design reciprocal meta-atoms the
geometry has to be asymmetric. It has been shown that half cut dielectric cylinders
can form a reciprocal meta-atom. Multipole analysis can be used to analyze the
scattered field from individual meta-atoms. The response can be altered due to strong
interaction between the adjacent scatterers. In the simplest form meta-atoms can
be approximated by dipoles with tensorial electric, magnetic, and magnetoelectric
polarization coefficients. The forward and backward propagation of waves can be
shown by using + in the notation for extinction cross section, where Iy = |E;,.| /22

with free space impedance (Zp)
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Figure 5.4: Schematic of the entire setup. A metasurface composed of bianisotropic
scatterers placed in the near field of sources, the encoder. The field propagates and
passes through a complimentary surface present in the near field of detector (the

decoder) which reverses the multiple scattering events.

Pz 1
O, =—= — ___Re ]{ (Bine x HE: + EX, x H;,) - nds (5.20)
I 21 <
By using the dipole expressions above
C=, = kIm(aee £ aen & e + anp) (5.21)

For the scattering cross section

Pt 1
Csica = % = —2—[0R6 %(Esca X Hj:ctz

) - nds (5.22)
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4

k
Ciu = 6_7T(|aee + ] + |ane £ annl?) (5.23)

The extinction cross section for a lossless reciprocal meta-atom has to be identical
to the scattering cross section, i.e., due to the fact that the absorption cross section

should be close to zero Cyps = Cepr — Cieq = 0.

Figure 5.5: Illustration of electric and magnetic dipole moments in meta-atoms. The
split resonator posses binanisotripic properties if the thickness of the ring increases.

The strength of cross-coupling terms changes with the geometrical parameters of
the meta-atoms which can be optimized for this time reversal application by achieving
refractive indices of £1. The resonant frequency of meta-atoms gets perturbed by
adjacent resonators which changes the radiation and decay rates of individual meta-
atoms. The overall effect is that the resonant frequency changes from the fundamental
frequency of the resonators. Hence, combining all the components of meta-atom de-
sign we have created a setup capable of resolving sources separated by subwavelength

separation.
5.4  Importance of Asymmetry

The study of dynamics of individual components of meta-molecules composed of
asymmetric rings provide a way to design a structure which can reverse the direction of
magnetic dipole as required for time reversal applications. The existence of multipoles

can be proved by observing the change in scattering cross-sections as function of
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Figure 5.6: Illustration of the setup and geometry of asymmetric meta-molecule with
changing mode of current oscillations.

wavelength. The over size of the meta-moelcules relative to the operating wavelength
dictates the presence of higher multipole moments. The accurate distribution of
current densities in the volume of the rings help tailor ohmic losses using geometry. It
has been shown in literature using finite element method that losses change depending

on dimensions of the ring with respect to the skin depth [126].
5.5 Conclusions

We have theoretically demonstrated a setup for low loss time reversal using bian-
isotropic metasurfaces. The evanescent component of the wave carrying subwave-
length information couples back and forth into propagating waves due to multiple
scattering. Losses are reduced by avoiding resonances and ohmic losses of metallic
meta-atoms. We have analyzed the possibility of exploiting various simple shapes
and geometrical parameters to reduce losses in meta-atoms. We have developed a
bottom-up theoretical framework for wave propagation through bianisotropic meta-
surfaces. The local meta-atom design is optimized in order to achieve the required
refractive index and studying the effects of interaction between adjacent meta-atoms.
The local interactions can be encapsulated in the Green’s functions of the metasur-
faces, which along with free space Green’s functions are used to analyze the system.
This technique can be used to enhance the bit-rate of signals by increasing the spatial

density or packing of antennas.



CHAPTER 6: CONCLUSIONS

In this dissertation, we have presented a rigorous analysis of interaction of electro-
magnetic waves with meta-structures of various geometries. This research is inspired
by an attempt to develop a deep understanding of irregular scattering patterns ob-
served from metallic cylindrical shells. The mathematical framework developed can be
generalized for any geometry by choosing a generating function based on the shape
of the boundaries. The key parameters common for interaction of electromagnetic
waves with structures at meso-scale are the wavelength of the incident wavelength,
the constitutive parameters of the material and the geometry of the structure. In gen-
eral, structures are defined by a single size parameter and the actual shape is ignored.
We have showed that the actual shape is important for designing and characterizing
these interaction for tailoring the properties of metamaterials through following two

main studies

e Propagation of electromagnetic waves through shell structures and implications

of the resonant behavior at discrete frequencies.

e Discovered a new family of meta-atoms based on transmission enhancement due
to shape resonances rather than plasmon coupling which can be used for linear

and non-linear applications.

e Geometry based determination of current distribution inside the volume of the
scattering object which can be used to tailor multiople moments of individual

structures and associated global properties.

e Using the principles of quantum dynamics, we have developed a method to

describe the temporal dynamics of interactions with localized current densities.
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In chapter 2, we have presented experimental and theoretical study of scattering
of waves from cylindrical shells in detail. Analyzing the data of variation of scat-
tered fields from empty and filled cylindrical shells, we concluded that waves must
interact with the contents of the shell through some mechanism. After repeating the
experiments with different shells the increase in penetration of fields was attributed to
possible Fabry-Perot type resonance on these structures. In order to understand the
scattering mathematically, we have obtained the fields in each region by solving wave
equations and the solutions in different regions were stitched together by calculating
the coeflicients of fields from the boundary conditions. Since, there are two bound-
aries we have four unknown coefficients for each mode of the fields. Hence, we have
used Cramer’s rule from linear algebra to solve for these coefficients from the system
of equations. Plotting the relative field at the center of the shell which can be given
by the coefficient of fields inside the shell as a function of frequency we discovered
the presence of discrete frequencies at which the penetration increase by two order of
magnitudes. The number of such frequencies increases when the dielectric constant
of the medium inside the shell increases but is unaffected by the medium outside.
The position of the resonance frequencies can be changed by changing the radius of
the cylinders, hence combination of cylinders of different radii can be used to operate
metamaterials at certain frequencies only.

This discovery has huge implications on design of meta-atoms as it opens the abil-
ity to design meta-atoms which are active at certain discrete frequencies and these
frequencies are unaffected by the surrounding medium. This establishes these engi-
neered atoms at the same footing as a natural atom as it has similar narrow and
discrete response as energy levels calculated from quantum mechanics. The response
of the meta-atom can be controlled at a certain frequency by the conductivity and
radius of the shell and the linear, nonlinear or active core regions. We can design

meta-atoms that can only response to certain frequency and we can deliver electro-
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magnetic energy to the core region by using this phenomenon. We can also design
meta-atom which can trap and localize electromagnetic energy if the core material is
non-linear and shift the frequency of emitted wave away from the resonant frequency
which can be used for heating applications. By carefully designing the geometry we
design atoms that are responsive or "on" at certain frequencies and unresponsive or
"oftf" at others. It can be used as a method to detect objects inside shell if we can
mathematically relate the scattering pattern to the core material. In the case, where
the core region has second order non-linear properties then these structure can also
be used as frequency doubling atoms for discrete frequencies. Temporal dynamics
can also be added to this analysis which can expand the method to study pulsed
electromagnetic waves. The resonance condition shown in chapter 2 is only valid for
empty cylindrical shells but similar behavior is expected from other geometries such
as spheres, oblate shell if the parameters are kept in perfect harmony. In cylindrical
shell the condition for TE and TM waves can be mixed by changing the angle of
incidence or tilting the cylinder adding another degree of freedom.

In chapter 3, we have developed a mathematical framework which is capable of
describing the propagation of electromagnetic waves through any geometry. The gen-
erating function for finite or infinite structures contain spectral variables which relate
the incident wavelength to the geometrical parameters such as radius and height.
This enables calculation of the field coefficients which shows the existence of reso-
nances as a function of geometrical parameters. The main reason we are interested
in propagation to electromagnetic potentials rather than fields or Hertz vectors is ex-
ploiting Aharanov-Bohm effect where the observed fields are perturbed by the shielded
material without interacting with the fields. Even though it is not proved in this dis-
sertation, using core shell geometries we should be able to design such meta-atoms
by engineering the current in shell itself. The Green’s function developed contains all

the information about the geometry and boundary conditions of the objects, hence
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we can analyze the effect of structured excitation on interactions with structures.

In chapter 4, we have presented a method to analyze the current distribution within
the volume of the structure and studied the dynamics of interactions of the distribu-
tion current densities with the incident fields. This leads to determination of material
response D(r,t) & B(r,t) as a function of geometry. In general, the current distri-
bution in a structure is limited by the skin depth but as we saw geometry can lead
to enhanced transmission of fields. Hence, we have used differential geometry to in-
troduce curvature of the structures into asymptotically decaying current inside the
volume of the structure. The series is expanded in terms of a parameter A which
is a ratio of conductivity to the permittivty and frequency of incident wave. As it
is evident from the derivation the first two terms show the well known expression of
skin depth but higher order term depend on the curvature. This provide a way to
engineer the current density in the volume of the scattering object and engineer the
multipole moments.

The interaction of adjacent meta-atoms are very important to characterize the
global parameters of the metasurface or metamaterials. By decomposing the accurate
current distribution related to the structure into multipole moments and analyzing
the interaction of the incident fields by using principles of quantum electrodynamics,
accurate dynamics can studied. The current distributions are affected by neighbor-
ing meta-atoms leading to change in decay and coupling rates. This holistic method
explains uses classical and quantum electrodynamics methods to engineer the dynam-
ics of interaction of fields with geometry based current distribution, hence is termed
meta-electrodynamics.

The simplest case of to study such interactions is meta-molecule which is usually
made of two meta-atoms. In chapter 5, we have illustrated an example for the meth-
ods where asymmetric meta-molecule can be used to obtain binaisotropic properties.

The bianisotropic materials have a unique property where reversing the direction
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of magnetic dipole moments time reversal of signals can be achieved. We have not
been able to show that the existence of negative index from these structure but us-
ing collective properties of individual structures we can achieve negative index of the
metasurface.

We have extended the knowledge of electromagnetic wave with structure at meso-
scale by rigorously introducing geometrical parameters in the electromagnetic formu-
lation along with method inspired by quantum electrodynamics to study dynamics
of the interactions. It is a significant leap forward in the design and characterization
of metamaterials from common techniques such as differential Maxwell’s equation
solvers such as finite-difference time-domain simulations, finite-element methods, and
Fourier modal methods. The results help fulfill the need to develop a better physical
understanding of metamaterials in order for the area of research to mature. With the
growing uncertainty about the accuracy of finite element programs, such as COMSOL
to capture all physical phenomenon involved in interaction of meta-atoms with the
incident field this effort is timely and can be extended to describe a wide variety of
interactions and help classify various types of meta-structures as touched upon in the

following sections.
6.1  Generalizability

The framework developed considers the functional dependence of permittivity and
permeability making it robust and adaptable for metallic or dielectric structures. It
has been shown that multipolar analysis can be used to analyze dielectric structures
and interference of modes can give rise to bianisotropic properties. Accurate deter-
mination of multipole moments for metallic structures requires exact calculation of
current distribution, hence dependence of skin depth on geometry. This raises an im-
portant question, are the fundamental limits to light-structure interaction dependent
only on material properties or can be affected by geometrical parameters? Currently,

the limits of extinction by metallic nanoparticles are independent of geometry but
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it can be observed that there is slight change to response for pinched tetrahedron
that ellipsoid [127]. We can use the method developed here to examine the effect
of geometry on fundamental limits [128] of light-structure interaction using energy
conservation principles. Since the polarization density is related to current distribu-
tion in a meta-atom, can it provide a way to design effective susceptibility that could
allow us to engineer the limits of interactions? We can also develop fundamental
limits on power extraction from incident fields and re-radiation from bi-anisotropic
meta-atoms and ensembles. By using energy-conservation principles we can set limits
based on geometry of meta-atoms. These limits are essential because even for ap-
plications of radiation absorption where fluctuations in Q-factor due to interaction
with neighboring structures is undesirable. Using Tretyakov’s [129] approach of an-
alyzing bi-anisotropic meta-atoms in terms of electric and magnetic dipole response
as the starting point, we can start analyzing limitations of response using multipole
response various structures. However, the arduous task of handling such varied ge-
ometries can be streamlined by using the formalism developed in chapter 4 and the
geometrical parameters inherent in the formalism using differential geometry can be

used to determine the geometry-based constitutive parameters.
6.2  Strong Non-Linearity

The results presented here can be used to demonstrate extreme non-linearity for
harmonic generations at optical wavelengths. Significant advancements in fabrication
techniques has led to widespread study of open nano-size optical resonators (resonant
nano-antennas). Metal nano-particles capable of sustaining surface plasmon-polariton
modes as well as dielectric meta-atoms with sufficiently high index of refraction to
produce significant multipole response are utilized as such resonators. In case of lin-
ear and nonlinear scattering at the nanoscale for arbitrary geometries, a multipole
decomposition of the scattered electromagnetic fields provides a logical interpretation

for the measurable far-field characteristics, such as radiation efficiency and radiation
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patterns, since they are essentially determined by the interference of the excited mul-
tipole modes. Details of these multipoles which are derived from current distribution
can be determined by our geometry-based method. Losses are large at optical wave-
lengths and attempts have been made to set fundamental limits on the responses. But
analysis of such structures in the present literature is typically geometry-independent
[54] which is incomplete, since the geometry is inherent in the study of structured
materials.

It has been suggested that a surface discontinuity can be a source of second-
harmonic generation. In multi-frequency electrical systems, nonlinear components
and discontinuities in metallic contacts lead to passive intermodulation which creates
signals that are harmonics of the incident frequencies [130]. This is undesirable in
electric circuits and has to be removed, and there are no rigorous methods available
to characterize such interactions. We can study the effects of asymmetry and dis-
continuities in the surface to design nonlinear properties meta-atoms using passive
intermodulation techniques. There has been evidence of harmonic generation by in-
teracting multipoles of two different meta-atoms [89, 131]. When dynamics of current
density is considered the non-linear properties arise from the bulk rather than at the
surface. Hence, accurate calculation of current distributions is important for engi-
neering non-linear properties. But the theoretical model used for non-linear analysis
in literature is perturbative in nature. However, designing combinations of meta-
atoms to enhance certain multipolar response can lead to strong nonlinearity. Such
interactions are enhanced by epsilon-near-zero (ENZ) materials [42] by concentrating
light in small regions and creating high energy densities which can enhance harmonic
generation. It has been shown that ENZ materials can be used to achieve large non-
linearities at optical wavelengths by using indium-tin-oxide [132]. These materials can
be used as a substrate for discontinuous meta-atoms to enhance harmonic generation

and experiments have shown the second harmonic can be generated using magnetic
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dipoles [133]. We can adapt this method to enhance the non-linearity by combining
such structures with epsilon-near-zero materials. Experimental studies of multipole
interactions of meta-atoms are as yet nonexistent mainly because the appropriate
theory is not available. Our multipole-analysis approach can provide a path forward,
and an improvement over the present perturbative models. Bi-anisotropic structures
can be classified as reciprocal or non-reciprocal depending on the response, which
when combined with lateral radiation pattern can be used to design beam blocking

surfaces.
6.3  Sources

The method proposed is a completely new way to characterize and tailor the prop-
erties of metamaterials where the interaction of incident light and structures expressed
by the Lagrangian and Hamiltonian formalism with single dynamic variable with the
units of charge. Current distribution in meta-structures of arbitrary geometries rep-
resented by multipole moments enabling the multipole expansion of scattered field
and providing tools to tailor the collective response. This moves the state-of-the-art
forward and away from computational and perturbative models for such interactions.
Since the polarization density has a time and space dependent part the modes sup-
ported by the structure can directly be determined by eigenmodes corresponding to
that geometry. The interaction between various modes can be leveraged to produce
novel non-linear effects in materials. Exploiting the presence and lack of symmetry
using group theory, inspired by classification molecules in chemistry, provides a way
to classify meta-structures and maps observed function to structures. The core-shell
geometry can be modified by adding a gain medium in the core which can be driven
by a broadband source as the shell will ensure transmission of single frequency. In
layman’s terms, we should be able to design circuits which can be driven flashlights
which high enough intensities.

One such area where the results can be applied is miniaturization of coherent
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sources which is essential in order to fill the gap between photonics and electronics.
Two main problems faced in miniaturization are radiative losses due to the diffrac-
tion limit and efficient coupling of light into and out of nano-photonic sources. There
has been evidence of nano-laser feasibility where optimizing the resonator geometry
and the laser material has led to successful demonstration of miniaturization [134].
Recently, more exotic anapoles have been used to show generation and coupling in
nano-sources [135]. The methods used in such cases have been problem-specific and
are difficult to generalize. The multipole analysis developed can be generalized to de-
velop the mathematical framework for a meta-laser as an interaction between various
modes.

Presently, Maxwell-Bloch models for active nano-plasmonic metamaterials are used
to describe coherent non-linear gain-plasmon dynamics [136]. These models combine
the Drude-Lorentz model with Bloch model for a four-level gain system for active
nano-plasmonic metamaterials. The dipole transitions are coupled to form a four-
level system by adding a non-radiating carrier relaxation term. The losses can be
compensated by an ultrafast pump-probe setup where both pump and probe have
shorter time scales than those for which typical fluctuations become relevant. In the
literature double-fishnet structures enclosing the gain material are used for demon-
stration of the technique. In present models, the polarizability follows a local equation
of motion, driven by the incident electric field, where the decay rate determines the
linewidth. The pump can be replaced by an electric pulse instead of ultrafast optical
pumping for robustness and miniaturization.

Recent papers [137, 138] have shown the importance of geometry in topological
insulator laser where the dynamics of lasing modes were studied using Haldane model.
Analysis of localized modes due to multiple scattering in the system of rings becomes
important as they do not utilize the gain medium optimally. We can to formulate gain

equations and a loss analysis for a meta-atom containing a gain medium. As shown
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in [135] different multipoles can be made to interact to produce non-radiating modes
that can be used as the resonant mechanism and presence of such modes in proximity
of a gain medium can be used to design a coherent source. Hence, study of effects
of dimers and trimers as the unit radiating structures appear to hold promise, with
one structure as the gain medium and the other acting as the cavity resonator. This
will require cavity quantum electrodynamics to accurately model such an interaction
from first principles, without solely relying on numerical methods. In this analysis,
the temporal dependence of interaction is very important to characterize the decay
rates and linewidth of the coherent radiation produced. Studies of mode competition
for such nano-sources are presently non-existent. The first test will be to formulate
equations for geometry-dependent multipoles interacting with other meta-atoms to

create a four-level lasing systems.
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APPENDIX A: CALCULATION OF TRADITIONAL SKIN DEPTH

There are a variety of ways to calculate the expression for skin depth in literature
but here we will derive the expression using free carrier conductivity method using
the formulation in Ref. [139]. For an electron with charge —e, mass mpand damping

factor I under the excitation E = Eye ™*

0%z ox

mgm + mora =

; —cE (A.1)

Using, the definition of momentum mo% = p, we get

op p
T eE (A.2)

where, damping rate I" by 1/7, where 7 is the damping time. This shows that
electrons accelerated by electric fields losses momentum in the momentum scattering

time 7. For a field with harmonic time dependence, the variation of position also

has harmonic time dependence, aa—’t‘ = v = vge ! Upon substitution in equation of
motion,
—eT 1
v(t) = — E (A.3)

mgy 1 —iwT
The current density j for N electrons per unit volume is related to the field through

conductivity

j=—Nev=0cE (A.4)

Thus, using the expression for v, we frequency dependent expression for conduc-

tivity o(w) in terms of DC conductivity oo = NnelzT,
o(w) = 90 (A.5)
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For a typical metal or doped semiconductor, the value of 7 at room temperature

varies from 107 to 10713, Using the definition of electric displacement,

the expression for relative permittivity €, can be obtained

io(w)

er(w) =1+ (A7)

€ow

which is the exact expression obtained from the waveumber in chapter 2. For
frequencies which satisfy the relation wr << 1, the relative permittivity can be split
into real and imaginary parts €, = €; + te5. This leads to the imaginary part being

grater than the real part and the absorption («)) can be approximated as

_ 2w(es/2)?
(€oto)?

(NI

= (200wtp) (A.8)

The strength field inside a conductor varies as e %, and power falls as e b giving

rise to skin depth.
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APPENDIX B: MANIPULATION OF BESSEL FUNCTIONS

As it is evident from the derivations in chapter 2 that the Bessel functions of first
and second kind and their derivatives required has to be analyzed. In this series
expansion we will follow the notation from Ref. [51]. The argument of the Bessel and
Hankel functions can be real and imaginary, hence the argument = has to be general

complex. Using Bessel’s differential equation of order m is given by the expression

2*R"(z) + 2R (z) + (2* — m*)R(x) = 0 (B.1)

Frobenius method can be used to find the series solution of Bessel’s equation

= )2”+m m=0,1,2--- (B.2)
1
—n n+m

Using the series expansion for J,,, and .J_,,, the series expansion for Bessel function

of second kind can be derived.

m— 1

Nm( ) 2[7_{_[”( —%Z n—m —1' x)—m—i-Qn
1 & 1) " 1 | 1 (B:3)
—;Z((‘—)[ G+ G

— (n+m)In! m+k

where v is the so-called Euler-Mascheroni constant which is defined as,

v = lim (Z% — InN) (B.4)

In the case of m = 0 the second term in equation B.3 is not present and negative

index Bessel function is defined as,

Jom(2) = (=1)" Jm () (B.5)
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Nom(z) = (=1)" Nin () (B.6)

The presence of metals makes the wave vector complex which leads to first deriva-
tive of Hankel function not converge to zero when the complex number becomes large.
Calculations performed using SciPY of Python have shown that derivative of Han-
kel function of second kind will become extermely large for an argument 699 + 1697
giving an output of 4.9569805312926237 x 1073% — §1.1818047444764686¢ x 10730
and becoming a non-number immediately afterwards. This makes it imperative to
use the series solutions of Bessel’s functions to prevent the function from becoming
extremely small by carefully terminating the series after required number of terms.
Assuming a general complex argument = re? for the Bessel’s functions and the
values become extremely large when the magnitude of |z| < 10, the series expansion
will be used and asymptotic expansion can be utilized for |z| > 10. Substituting the

complex notation in the series expansions, making the real R(-) and imaginary ()

parts
o - (_1)77, f 2n+m
R[Jm(2)] = E P p— (2) cos[(2n +m)0| (B.7)
o~ o - (_1)71 f 2n+m _:
S[m(x)] = E T (2) sin[(2n 4+ m)0)] (B.8)

The series has to be truncated such that the value of the Bessel function to keep
the error to a minimum. Let us analyze Jy(z) and J;(z) truncated to 30 terms, the
maximum error for this approximation is of the order 1.23 x 107%* for Jy(z) and
1.99 x 1072* for J;(z). Now, for real and imaginary parts of zeroth and first order

Neumann functions for complex arguments becomes
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RIN(o)] = Z[RUD(](0-+n(5) 690 n(a)] 3 Goid 3 cost2at)] (B
2 r N D T

SNi(e)] = 2RI+ ~IR (] G S sin(2n0)] (B.10)
RIY;(0)] = ZRA@] G +In(5)) — 0311 (2)] - coso

2 (_1yny2n+l 30 (B.11)
_ nz::l (2232(”!)2_ k:o(% - i ) cos((20+ 1)6)]
S[N(2)] = Z[BLA())( + In(5)) ~ BRIA(@)] + —sin

00 np2nt1 30 4 (B.12)

- ; % ;(% + %H) sin((2n + 1)6)]

Trucntaing the series for Bessel’s function of second kind to 30 terms makes the
value of v = 0.593789618.
For large values of the argument of Bessel’s functions, asymptotic expansion is

used, given below in terms of I' function

2 mr T o= (=1)" I'(m +2n+1/2)
Z) 2_% (2n)? nIT(m —2n + 3)

mr T~ (—171); I'm+ 2n+1)+1/2) (B.13)
2.5 |

(2n)2 1 nll(m — (2n+ 1) + %)
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5 7r (m+2n+1/2)
—~ — 4 Qn 2nn|F —2n+2)

mr T~ (—1n)n I(m+(2n+1) +1/2) o
+cos(z — — — Z) Z (2n)2 1 nID(m — (2n+1) + %)]

> 1
HO (2) ~ (|2 eile=2=7) S (3 —m)nl(m + n+ 3) (B.15)

00 1 1
o9 (z) ie—Z(w—m—ﬂ) Z (3 — m)nF(Zn + n'—i— 2) (B.16)
X — mIl'(m+ 3)(—2iz)"
The derivatives of these functions can be derived from recurrence relations,
@)= —J(x)  J(2) = Jea(z) — an(:c) n=1,23 (B.17)
Ni(z) = —Ni(z)  N.(z) = No_1(2) — gNn(x) n=123-  (B.18)
Hj(w) = —Hy(x)  Hy(z) = Hy1(2) — =Hy(x) n=1,23---  (B.19)

Applying stationary phase approximation and for large values of the arguments x

Bessel’s functions can be further simplified without loosing much accuracy

I () ~ %[COS(QJ — g — %)] (B.20)



To simplify the analysis of complex numbers we can use Euler’s formula

1 ; mT us : mT us
I () = %[em_T—z) + i@ 1))

Hence Hankel function is given by
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(B.21)

(B.22)

(B.23)
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APPENDIX C: HELMHOLTZ THEOREM

An arbitrary vector ¢ (r) can be decomposed into the sum of two vector fields, one

with zero divergence and another with zero curl.

P(r) =1, (r) +1(r) (C.1)

where,

V-, (r)=0 and V x4 (r)=0 (C.2)

In order to analyze the electromagnetic potentials and fields the vector field can be

written as

P(r) =V x A(r) — VO(r) (C.3)

Both A(r) and ®(r) can be derived uniquely using integration over entire three

dimensional space which is valid for both static and time dependent vector fields.

o) = = [ 2 (c4)
A(r) = i/d?’r’vi%cr.g’r/) (C.5)

Using properties of delta function

P(r) = /d3r’¢(r')5(r —r') = —i/dgr’@b(r’)VQﬁlﬂ (C.6)

Exchanging 1(r") and V2 in the last term and using the identity VxV = V(V+) —
V2
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P(r) =

3. P(r') 3. Pp(r')
[y P VX/dTVX[ e

v — /|

Using Vf(r —1'|) = V' f(jr — r'|)

/ "»b(r/) o 4 ¢(r,) / 1
v [|I'—I‘/|] - ’I‘—I‘I’ 'QD(I‘) v]r—r’| (08)
After moving (') to the right of V in the last term and rearranging terms
/ \v / /
lr — 1| v —r/| r —r/|
Similarly,
V % [ ’lp(r) ] — V X ¢(r) _ Vl X ’(p(r) (Clo)
lr — /| lr — /| Ir — /|
Inserting equations C.9 and C.10 in equation C.7, we get
1 !/ /
- V/d3 ' | n ,| +4—Vx/d3r’—v| X_¢E|r>
T r T r—r (C.11)

r
+— v/d3 v PO Lo, /d3r’V’ < )

A r —r/| 47 Ir — /|

The last two terms reduce to zero when first two integrals converge and using
divergence theorem changes volume integral to surface integral with the surface of

integrals at infinity.

/ gs . L&) (C.12)

and

/dS’ « ) (C.13)
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