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Abstract

The ability to manipulate electromagnetic radiation is key to a huge range of
current technologies, from communications and sensing to cooking and en-
ergy generation. It is expected that improving our ability to manipulate ra-
diation in new ways will lead to many new technologies, such as invisibility
cloaks and optical computing. One way to advance our ability to shape the
electromagnetic field is using materials structured at the sub wave-length
scale: metamaterials. With exotic properties not found in nature, metamate-
rials have revolutionised our ability to control fields, including light, sound,
vibration, and heat. However, despite intensive research interest for almost
two decades, the problem of designing metamaterials for specific applica-
tions remains challenging. Typical methods either make limiting assump-
tions, such as only allowing phase to be controlled, or rely on a large number
of full-wave simulations. These are particularly expensive for metamateri-
als as there is a large length scale separation between the sub-wavelength
elements of the metamaterial and the tens to hundreds of wavelength size
of the metamaterial. Additionally, there has been much interest in using
genetic algorithms or machine learning techniques to design materials, al-
though these can be hard to interpret.

In this thesis, we attempt to address some of these issues. Employing the
coupled dipole approximation to model metamaterials as collections of dipo-
lar scatterers, we derive a perturbative method for designing metamateri-
als for a wide range of applications. After formulating the basic method,
we proceed to extend it to design multi-functional metamaterials, allowing
functionality to be multiplexed. Simple proof-of-concept experiments out-
line some of the key challenges to realising the structures we design, indi-

cating where future development efforts could be focused. Switching focus
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to the elements that make up the metamaterials, we then consider how the
resonances of individual meta—atoms can be manipulated. In this context,
we derive both analytic and numerical approaches to control the scattering

for dielectric slabs, cylinders and spheres.
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Chapter 1

Introduction

“It’s of no use whatsoever...this is just an experiment that proves Maestro Maxwell
was right—uwe just have these mysterious electromagnetic waves that we cannot
see with the naked eye. But they are there.” — Attributed to H. Hertz

1.1 Motivation

One of the greatest unifications in physics came in 1873, when Maxwell pub-
lished his equations of electromagnetism [1]. These equations combined
two phenomena that were previously thought to be unconnected: electric-
ity and magnetism. A surprising consequence of Maxwell’s theory is that
free space supports electromagnetic waves: oscillating electric and magnetic
fields. Strikingly, the speed of these waves is related to quantities that were
taken to be proportionality constants in equations linking forces to charges
and currents, but turn out to be the material properties called permittivity
and permeability.

Shortly after Maxwell’s seminal work, Poynting calculated that electro-
magnetic waves can carry energy [2]. This was verified experimentally by
Hertz [3], using a simple dipole emitter made of two metallic spheres and
a detector that we would today call a loop antenna. Hertz’s original appa-
ratus is shown in Figure 1.1. Although Hertz himself supposedly did not

realise it, his experiments lit the way for wireless communication for the
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Emitter: Dipole Resonator Receiver: Loop antenna
Frequency ~ 50 MHz

Figure 1.1: Hertz's original emitter (left) and detector (right), used in the first
experimental demonstration that electromagnetic waves could transport energy (images
public domain).

next two centuries. Marconi and Braun were the fathers of wireless teleg-
raphy, for which they won the Nobel prize in 1909. Together they devel-
oped Hertz’s ideas to design devices that would bring the ability to trans-
mit information using electromagnetic radiation to the masses. Since the
first successful radio transmission from Poldhu in Cornwall to Signal Hill
in Newfoundland, wireless technology has been continuously developed
and improved for over 100 years.

Moving beyond its initial use for broadcast radio, the true ‘wireless rev-
olution” began in the 1990s, with the proliferation of wireless networks con-
necting computers, as well as the release of hand-held devices like mobile
phones. Since then, the number and density of connected devices as well as
demand for high data rates has grown significantly meaning that today the
electromagnetic spectrum is extremely congested. The current frequency
allocations for the United Kingdom are shown in Figure 1.2. All frequen-
cies from 8.3 kHz to 275 GHz are allocated for specific purposes, such as
satellite and mobile communications, meteorological surveying or military
uses. The lack of gaps for new capabilities presents a significant barrier to

the higher data rates or device densities that will need to be achieved in
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Figure 1.2: The UK's frequency allocations (Credit: Roke Manor Research Ltd). For
illustrative purposes only.

future communications systems. There has therefore been a recent drive
towards ‘smarter” systems, that are more frequency selective, directive or
multi—functional, to avoid unnecessary interference or competition for com-
munication frequencies.

In addition to the demands on civilian communication infrastructure,
military competition for electromagnetic advantage has never been more
intense. A previous Chief of Defence Staff, Air Chief Marshal Sir Stuart
Peach, said “...to understand, manage and control the electromagnetic envi-
ronment is a vital role in warfare at all levels of intensity. The outcome of
future operations will be decided by the protagonist who does this to de-
cisive advantage” [4]. Effective communication and sensing is essential for
battlefield advantage, however one’s opponents will attempt to degrade ac-

cess to key parts of the spectrum. To mitigate this, and to gain advantage,
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there is great desire to explore how more effective, resilient and dynamic
electromagnetic systems can be designed.

One way to control the properties of electromagnetic emitters is to ad-
just the geometry of the emitter itself. This approach has led to many dif-
ferent antenna designs for a wide range of applications [5, 6]. The disad-
vantage of this approach is that the emitters can be geometrically compli-
cated, and their functionality cannot be changed easily. One can therefore
try to move the complexity into a material layer, that should be straight-
forward to build as well as thin and light so that it can be changed to re-
configure the system for a different purpose. Metamaterials, materials that
are structured on the sub-wavelength scale to achieve designer manipu-
lation of light, are excellent candidates to fulfill this purpose. By tuning
the geometry of ‘meta—atoms’, the building blocks of metamaterials, many
different wave-manipulation effects can be achieved in electromagnetism,
acoustics and elasticity. However, current methods for the design of meta-

materials have significant drawbacks.

1.2 Outline of Thesis

In this thesis, we derive techniques for designing metamaterials, with an eye
to a wide range of antenna applications. Our aim is to derive simple, intu-
itive, numerically efficient, methods for designing metamaterials to manip-
ulate the radiation from simple emitters, making them more e.g. directive

or multi—-functional. The outline of the content is as follows:

¢ In Chapter 2 we review the necessary background theory of electro-
magnetism, how Maxwell’s equations can be solved under the as-

sumption that the waves scatter from small dipolar particles and some
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powerful existing techniques for designing electromagnetic materials

for specific applications.

¢ Next, in Chapter 3, we apply perturbation theory to the solutions of
Maxwell’s equations, deriving a method for designing metamaterials
that perform single operations on the field of an emitter. We con-
sider a wide range of problems related to antenna technology, such
as improving emitted power, manipulating the radiation pattern and

changing the coupling between nearby emitters.

¢ Extending our method, in Chapter 4 we consider how to design pas-
sive metamaterials that can perform multiple operations on the field of
an emitter, for example to produce different radiation patterns based

on the polarisation of the emitter.

¢ The work of Chapter 5, undertaken jointly with Leanne Stanfield (Uni-
versity of Exeter), contains experimental validation of some of the de-
vices designed using our method. Working at microwave frequencies,
we demonstrate the ability of our method to design structures to con-

trol the radiation pattern of a simple antenna.

¢ In Chapter 6, we present a method for moving the resonances of scat-
tering structures, based on the position of the modes in the complex
frequency plane. This work, undertaken jointly with Dean Patient
(University of Exeter), is useful for the design of resonators for sens-
ing and emission, as well as for the design of meta—atoms with specific

purposes.

¢ Finally, in Chapter 7, we evaluate the limitations of our proposed tech-
niques and consider how the work of this thesis could be developed

further.






Chapter 2

Background Theory

“It’s still magic, even if you know how it's done.”
— Terry Pratchett, ‘A Hat Full of Sky’

Wave equations appear all over physics, describing a huge range of
phenomena including water waves, elastic waves, acoustic pressure waves
and quantum mechanical matter waves. One of the most important types
of waves for modern life are electromagnetic waves. These are used for
communications, cooking, sensing, medicine and much more. In this
chapter, we review the background theory of electromagnetic radiation,
formulating the wave equations for electric and magnetic fields. We then
consider the interaction of the electromagnetic field with dipoles, both as
emitters and as scattering objects. With this, we discuss how the electro-
magnetic wave equations can be solved for a collection of small dipolar
scatterers. Considering next how materials can be designed to manipu-
late the electromagnetic field, we overview the field of metamaterials and

key methods for designing them.
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2.1 Wave Equations Across Physics

The findings in this thesis, and of metamaterial physics in general, extend
across many domains of physics; almost anywhere the wave equation ap-
plies. To understand the implications of this statement, we now review the
ubiquity of the wave equation; from quantum mechanics to elasticity and
fluid dynamics. The wave equation for a scalar field ¢(r, t) is

1 0%¢(r,t
Vi(rt) = C—z—(’;(; ), @.1)

where c is the speed of the wave. This equation can be read as nothing more
than Newton’s 2nd law. The right-hand side is a second time derivative so
can be interpreted as the acceleration of the field ¢, proportional to force. On
the left, the Laplacian is a measure of the curvature of ¢ in space. Therefore,
the wave—equation tells us that a larger curvature of the field ¢ corresponds
to a larger restoring force upon the field. With this simple reasoning, we
know that the solutions of this equation must oscillate in space and time.

One can show this mathematically, by moving to the new variables
C=r—ct n=r+ct, (2.2)
so that the wave equation becomes
;;—g; = 0. (2.3)

This has the general solution

¢(r, 1) = f(r —ct) +g(r +ct), (24)
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where f and g are arbitrary functions. We see that the wave equation per-
mits waves that travel both forwards and backwards in space as time pro-
gresses.

Much of the day-to—day physics we experience is wave physics. One of
the most obvious examples of wave physics that we experience every day is
sound (acoustic pressure waves). These kinds of waves are caused by small
oscillations in compressible fluids, with the oscillation causing alternating
compression and rarefaction. For sound waves in air, the individual air
molecules only move by about 1ym. To derive the wave equation for sound,
we need only consider the continuity of the mass of the fluid that the waves
are propagating in [7]. Indeed, all of fluid mechanics can be derived from
mass continuity, and its higher moments [7, 8]. Considering a finite volume
V bounded by a surface S, the mass of fluid leaving this volume must be
given by

j'{ v - ds, 2.5)

where v is the velocity of the fluid and p is the mass density of the fluid. The
amount of fluid leaving the volume must produce a decrease in the total

mass of the fluid inside that volume, per unit time, which can be written as

9
-2 / odV. (2.6)

Equating these gives

- % / 0dV = 7{ ov - dS, 2.7)
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which can be re-written using the divergence theorem' we have
d
-2 / 0dV = / V- (pv)dV. 2.8)
This must be true for any closed volume we choose, therefore
d
L4+ 9 - (pv) = 0. 2.9)

This is a statement that the mass of the fluid must be conserved. Now, if the

fluid is under some pressure p, Newton’s 2nd law can be written as

dv
— = —-Vp. 2.1
P = VP (2.10)
Re-writing the total derivative as
dv odv
a = § + (v : V) v, (2-11)
we arrive at Euler’s equation
v 1
§ + ('v : V) V= —(—)V}? (2.12)

This describes the effect of a pressure field upon the flow of a fluid. Assum-
ing that the oscillations in pressure are small, we can expand the pressure

and density variations of the fluid as

p = Ppo+p1 P = po+p1 v = vy, (2.13)

IThe divergence of a quantity in a volume V is equal to the flux of that quantity over a
closed surface 95 enclosing that volume: [, V- AdV = §,. A -7ndS, where # is the normal
vector of the surface.
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where p; < po and p; < po. Euler’s equation then becomes

8v1 1 .

and the continuity equation is

%1

P11V (poor) =0 (2.15)

In an ideal fluid, sound is adiabatic so that changes in pressure and mass

density are connected by the thermodynamic relation

ap )
—(2P) 2.16
p1 (apo SPl (2.16)

with the subscript ‘S’ indicates that entropy is held constant while pressure
and density vary. Substituting this into the continuity equation (2.15), we

have

Ip1 dp _
5+ (ap0>sv (pov1) = 0. (2.17)

Differentiating this expression with respect to time, we arrive at the wave

equation for pressure waves in a compressible fluid

azpl 8]9 81;1
o2 (apo)sv' (.00 ot ) 0 (218)
O*p1 dp 2
BT <apo>sv o &1

We see that the speed of sound waves is given by ¢? = (%) g which can
also be written in terms of macroscopic quantities as ¢ = \/K/p where K is
the bulk modulus.

Another type of wave we experience every day are the waves supported

by solid bodies, elastic waves [9]. Inside a solid material, an elastic wave
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causes the distance between two points, described by the displacement vec-
tor u; = x — x;, to change. Splitting the solid object into small blocks with

surface S, the restoring force of each block is given by the stress tensor i
dfz = Uidek, (220)

where the first index is the direction the restoring force occurs in and the
second index is the direction a force is applied in. Einstein summation no-
tation is employed throughout this discussion. So the oy, element of the
tensor describes the restoring force in the x direction due to a force applied
in the x direction, while the 0y, element describes the force exerted by the
material in the x direction when a force is applied in the y direction. For an

elastic material, Newton’s 2nd law can then be written as

0 aui
° / (,oE) qv = / dSy, 2.21)

which can be re-written using the divergence theorem as

2
d u aaik

To turn this into a wave equation, one needs constitutive relations between
stress ¢ and strain u; for isotropic materials this is given by Hooke’s law,

stated as

1
o = Kuydjx +2u (uik — §5ikulz) : (2.23)
Here, K is the bulk modulus, u is the shear modulus and we have introduced

the strain tensor

. 1 aui 8uk
Ui = 5 (an + al/li) . (224)
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Putting this together, the stress tensor is now

_duy 10u; 10du;  dj du;
o =K 5 Oik +2u (ZBxk + 2ox,  3ox) (2.25)

To write down the wave-equation for elastic waves, we must calculate the

divergence of the strain tensor, which is

aO'ik 2 azul azl/ll' azuk
— = (K—-= .
axk < 3”) axkaxl + K ax% + aukaxi ’ (2 26)
1\ 0%y %u;
=(K+= 3 .
( * 3) 0x;0X] T ox? (2.27)

The wave equation for elastic waves in an isotropic material is therefore

azui 1 82u1- Bzui

o = (K+ 5”) ox0x; | | ox (2.28)
0? 1

pa_t,l; = (K + 5;1) V(V - u)+uViu. (2.29)

If we now break up the displacement vector into longitudinal and trans-

verse parts u = uy, + ur, where

Veour=0 V xup =0, (2.30)
we find that
aZUT ]/l 2
T EV urT, (2.31)
Pu; 1 4 )

The transverse parts describe shear waves (S waves) and the longitudinal

parts describe pressure waves (P waves). An interesting feature of elasticity
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is that at material interfaces, S and P waves couple [9], allowing for conver-
sion between the two polarisations.

As well as waves in liquids (sound) and solids (elastics), more exotic
waves are actively being studied. To begin to understand quantum mechan-
ical waves, we can start from the dispersion relation for a massive relativistic
particle

E? = pzc2 + m?c?, (2.33)

where E is the energy, p is the momentum, m is the mass of the particle and c
is the speed of light. Replacing energy and momentum with their operator
representations [10] E — ifd; and p — —ifiV, yields the Klein—-Gordon
equation

(—%ZTZ’ + szz) ¢ = %41 (2.34)
This describes a wave propagating with the speed of light, with a source
term related to the particle mass, and is the starting point for much of rela-
tivistic quantum field theory [11, 12]. From this, we see that quantum me-

chanics is a theory of matter waves. The non-relativistic limit of the Klein—

Gordon equation can be found by taking the non-relativistic limit of the

E = \/p?c% + m2c*. (2.35)

Taking the limit when v = p/m < ¢, we find that

dispersion relation

202
E=me 1+ 25 (2.36)
pz
~ mc? + T (2.37)

The first term is a global offset that does not affect the dynamics of the fields.

Replacing the momentum and energy with their operator representations,
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we arrive at the Schrodinger equation

zhg = AY, (2.38)

which connects the time derivative of the wave function ¥ to the action of
the Hamiltonian operator H upon the wave function ¥. For a particle in an
external potential V' this can be written as

R

20t T 2 A
i 5 VY VY. (2.39)

While this is not of exactly the same form as the wave equation we opened
this section with (the time derivative is first order rather than second), it
shares many of the same features. For example, it has solutions of the form

f(r — vt). It is easy to verify that
¥ — const x i (PTE) (2.40)

is a solution to the Schrédinger equation. This is a plane wave with wave-

vector k = p/h with corresponding de-Brogilie wavelength A = 27t71/p.

2.2 Maxwell’s Equations and Electromagnetic Waves

Electromagnetic phenomena have been a source of fascination since ancient
times: lightening, electric eels, static electricity all puzzled our ancestors
[13]. Not until much later was it realised that all of these phenomena are

governed by the same fundamental laws. A complete theory of (classical)
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electromagnetism was proposed by Maxwell in the late 19t century [1], de-
scribing the interaction of charges and currents through the electromagnetic
tield. Written in the convenient vector notation first used by Heaviside,
Maxwell’s equations connect charges and currents to electromagnetic fields

[14, 15] as follows

V- D(r,t) = p(r,t), (2.41a)
V. B(r,t) =0, (2.41Db)
VxEmﬂ:—ggﬁl (2.41¢)
V X H(r,t) = % +i(rt). (2.41d)

Here, the charges and currents are given by: the free charge density p(r, t),
with units of Coulombs per unit volume; the free current density j(r,t),
with units Coulombs per unit volume meters per second. From the units,
it is clear that current j(r,t), is generated by a charge distribution in mo-
tion: j = pv, where v is a velocity. Taking the divergence of Ampere’s law
(2.41d), it is straightforward to show that [14] charge and current are not

independent and obey the continuity equation

v+ (z; H_y (2.42)

The fields in the Maxwell equations are: the displacement field D with units
of charge (Coulombs) per unit area, the electric field E with units of force
per unit charge, the magnetic field strength H with units of charge per me-
ter per second and the magnetic flux density B has units of force per meter
per Ampere.

Since Maxwell’s original formulation many approximations, simplifi-

cations and tricks have been used to solve Maxwell’s equations [16-18].
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When trying to solve Maxwell’s equations in the presence of matter, the
electromagnetic properties of the medium may be characterised in terms
of macroscopic polarization P and magnetization M [16]. The quantity
P represents the density of permanent or induced dipole moments within
a material, and can be connected to bound and surface charge densities
[15]. In this way, the macroscopic polarization P is simply the sum of all
of the polarizations (dipole moments) of each molecule, per unit volume
ie. P =Y,p;/V = (1/V) [,dVp(r). The direction of the vector P is ob-
tained from the geometric addition of each of the individual vectors p; [18].
Similarly, the quantity M =}, m;/V = (1/V) [, dVm(r), is the magnetic
dipole moment per unit volume of a material. This can be connected to
bound currents within the material [15].

The polarization density P and the magnetization density M can be re-

lated to the fields present in Maxwell’s equations (2.41) through [15-18]

D(r,t) =eyE(r,t) + P(r,t), (2.43a)
H(r,t) = %B(r,t) ~ M(r 1), (2.43b)
0

where g9 = 8.85 x 10712 Fm ™! is the permittivity of free space and py =
47t x 1077 NA 2 is the permeability of free space, both in SI units. This gives
us all of the parts we need to construct and interpret the wave equations that
follow from Maxwell’s equations.

To form the wave equations, we take the curl of Faraday’s law (2.41c)
and of Ampere’s Law (2.41d), then substitute from the constitutive rela-
tions (2.43). This procedure yields the linear inhomogeneous vector wave

equations for the electric and magnetic fields, with the currents and charges
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forming the source terms:

1 0°E d (. OP
VXVXE—FC—ZW——}!OE(]"‘E—FVXM), (2.44a)
10°H . 0M oP
VXVXH_‘_C_ZW_VXJ_‘_;MOW—FVXW. (2.44Db)

We have introduced the speed of electromagnetic waves in free space ¢ =
1//ofio ~ 3 x 10° ms~1. Interestingly, a very similar left-hand side can be
obtained for elastic waves [9], although the expression for the wave speed
is very different. The wave equations (2.44) have a simple general interpre-
tation. Time varying free currents j, bound currents M and bound charges
P can all generate an electromagnetic field (E, H ), which travels as a vec-
tor wave with a speed c in free space. The nature of the curl operator in
(2.44) acts to mix components; for example it is clear that a source current
J aligned along the Cartesian axis & can produce an electromagnetic field
with components along all three Cartesian axes.

While the wave equation (2.44) has a clear physical interpretation, it is
still exactly equivalent to Maxwell’s equations (2.41). We have therefore
made no progress towards a solution. To do so, we assume that our wave
has a single fixed period of oscillation T and equivalently a fixed angular fre-
quency w = 27/ T, with units of oscillations per second [19]. A monochro-

matic wave of this form can be conveniently written as
E(r,t) = Re {Ew(r)e*fwf} , (2.45)

where E,,(r) is a complex amplitude [14]. Assuming that all of the vector
fields in the wave equations (2.44) can be written in this way we find that

the complex amplitudes of each of the fields obey the same wave equation
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as the fields themselves

2

V x V x E, %Ew = iwity (je — iwPy +V x My), (2.46a)
2

V XV x H, — c;—sz =V X jo — iwnoMy — iwV x Py, (2.46b)

with the time dependence removed. It is important to realise that the quan-
tities with subscript w are now complex so the physical interpretation of
them becomes more complicated. For example E is a force per unit charge (a
quantity that must be real), while E,, is not. In free space j = P = M =0,
so equation (2.46) can be reduced to the Helmholtz equation for each com-

ponent of the electric and magnetic field amplitudes

(V2 + k2) E, =0, (2.47a)

<V2 + k2> H, =0, (2.47b)

where k = w/c is the wavenumber. With these rearrangements and simpli-
fications, we are now ready to formulate solutions to the Helmholtz equa-
tion (2.47) and the monochromatic vector wave equation (2.46). In the sub-
sequent sections, when E, H, P and M are used to we will be referring to
the complex amplitudes of each of these fields, defined via (2.45), and the
subscripts will be dropped. Since the complex nature of the quantities being

discussed will be manifest, we hope there will be no confusion.

2.3 Solution of the Wave Equations

In this section we shall introduce the mathematical tools that will be used
to solve the scalar and vector wave equations which follow from Maxwell’s

equations; equations (2.47) and (2.46) respectively. These tools are Green's
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functions. Originally developed in the 1820s to solve differential equations
in electromagnetism [20], Green’s functions are a powerful tool for solv-
ing inhomogeneous linear differential equations. As the electromagnetic
Green’s function is an important and fundamental object in this work (as
well as many other areas of quantum and classical electromagnetism, con-
densed matter physics, the theory of elasticity etc.) this section will include
its derivation. Having derived the electromagnetic Green’s function, a few
of its most important properties will be established.

Green’s functions are a very general method of solving linear inhomoge-
neous differential equations [21]. This class of differential equation has the
general form

Ou(r) = s(r). (2.48)

Given some linear differential operator O, with a given source term s(r),
our aim is to find the solution u(r). This is done by defining the Green'’s

function as the solution to the simpler differential equation

A

OG(r,r") =6(r —7"). (2.49)

The expression (2.49) immediately gives the interpretation of the Green’s
function. It is the response of the system to a single Dirac delta impulse (a
‘kick’). For example, finding the Green’s function of a harmonic oscillator
where O = 9? + w3, gives the response of the oscillator to a single impulse.
To find the solution to the differential equation (2.48), u(r), in terms of the

Green’s function one must multiply both sides of (2.49) by the source term
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s(r) and integrate over all space

/ OG (v, )s(r)dr' = | 6(r —")s(r)dr,
v v’ (2.50)

o OG(r,r")s(r")dr" = s(r).

Now, since the linear differential operator acts upon r and the integral is
over 7/, the operator O can be brought outside the integral. As the equality
must be true for all linear differential operators, we arrive at the solution in

terms of the Green’s function

A

Ou(r) =0 ” G(r,r")s(r")dr’,
(2.51)
u(r) = / G(r,r")s(r")dr.

We have found that the solution to an inhomogeneous linear differential
equation is given by the convolution of the Green’s function of the differen-
tial operator with the source term.

Next, we must address the problem of finding an explicit form of the
Green’s function. Our aim is to solve the vector wave equations (2.46) but
first we shall solve the Helmholtz equation (2.47). The Green’s function for

the Helmholtz equation, by definition, satisfies
(VZ + k%) Go(r, ") =6(r —7'). (2.52)

We must solve this for the explicit form of Go(r, 7). This can be done by

Fourier transforming the quantities in N spatial dimensions

Go(r,7') = ﬁ / Go(k)e* (") dk (2.53)
é(r—r') = (27-1()N / e (r=") g (2.54)
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to turn the differential equation into an algebraic equation for Gy(k). The
measure of integration dk in 1D is dk, in 2D is dk,dk, and so on. Re-arranging
yields

1

Golk) = 5. (2.55)
k% —k2+in

To find the explicit form of the Green’s function in real space, one must
evaluate the inverse Fourier transform of (2.55). This can be done using
standard contour integration methods [22]. Notice that it has been neces-
sary to introduce a small amount of loss # < 1 in order to ensure that we
obtain outgoing (advanced) wave solutions [23]. This is an important fea-
ture of Green’s functions: they are specific to the differential operator and
the boundary conditions. If we instead required our solution to be incom-
ing waves, the sign of the loss should be reversed (shifting the location of
the poles in k space yielding the retarded solution). Evaluating the integral,
then taking the limit where 7 — 0, the explicit form of the Green’s function

for the Helmholtz operator with outgoing wave boundary conditions is

"

-efkolr =7’ (1D)

1Ko

Go(r, ') = ¢ LHV (ko|r —r']), (2D) (2.56)

—1 eik0|r—r'\’ (3D)

| 47t|r—r|

where H(()l) (z) is the Hanel funciton of the first kind of order 0.
Now that we have found the Green’s function for the Helmholtz equa-

tion, we would like to find the Green’s function for the vector wave equation

(2.46), which has the form

V X V xu—ku=s(r). (2.57)
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Applying the definition of Green’s functions, the solution can be written as

u(r) = /V’ G(r,r")-s(r')dr’ = ;/V’ Gix(r, r")s(r")dr’. (2.58)

Before we find the explicit form of G(r,r’), we can already see that it must
have certain properties. Both the source term and the solution must be
vectors, so can we choose G(r,r’) to be a scalar function? Clearly not:
Maxwell’s equations imply that a current along & does not generate fields
with exclusively & components. We cannot choose G(r,r’) to be a vector
either: the dimensions of the result would be incorrect (vector - vector =
scalar, or vector x vector! = matrix). We are left with a single choice for the
form of the Green’s function: a ‘dyad’ (a second order tensor). Dyads can
be thought of as operators that convert one vector to another [21]. In three
dimensions, the new vector is related to the old one by the coefficients of
the dyad G;j;. These objects are found across physics, for example the mo-
ment of inertia is a dyad. It will become clear in the following derivation
of G(r,r’) that it must have this form, but these simple arguments tell us
what to expect of the result.

The Green'’s function for equation (2.46) must, by definition, satisfy
V XV x G(r,v') —K*G(r,v') = 15(r —1'), (2.59)

where 1 = diag (1,1,1) is the unit tensor. Again, we must calculate the ex-
plicit form of the Green’s function. There are many ways to do this. For
example, one may work directly from Maxwell’s equations and utilise the
scalar and vector potentials [24] or use a more abstract mathematical ap-
proach by taking the Fourier transform of (2.59) and using the properties of

dyads [25]. In what follows we will use the elegant solution of Levine and
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Schwinger [26], who were among the first to introduce the concept of an
dyadic Green’s function.
We begin by taking the divergence of (2.59) to find an expression for the

divergence of G(r,r’)

V. -G(r,r) = —%V [16(r —2")]. (2.60)

Now, re-writing (2.59) as”
—V2G(r, ™)+ V(V-G(r,7")) —K*G(r,7") = 15(r —7'), (2.61)

and substituting (2.60) yields

(V2+K)G(r,r") = — <1+%V®V) 5(r—7") (2.62)

where V ® V = (92/9x;0x;), with ® denoting the tensor outer product.

Therefore, informed by (2.62), we seek a Green’s function of the form

G(r,r") = (1 + %V ® V) p(r,r’), (2.63)

where (r,r") is a scalar function that we must determine. To do so, we
simply substitute this form of G(r, r’) into (2.62) to find that (v, ") must
satisfy the Helmholtz equation with a delta function source

(1 + k1—2V ® V) [(V2 + k)Y = —6(r — r’)] . (2.64)

By comparing the contents of the square brackets with the definition of

the Green’s function for the Helmholtz equation (2.52) we can realise that

2Using the vector calculus identity V x V x A = V(V - A) — V2A
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P(r,r’) is the Green'’s function we have already determined (2.56). So, the

explicit form for the dyadic Green’s function is

, 1 etklr—7'|
=(1+5VRV | ——. 2.65
G(r,r") ( + 2 ® ) At — v (2.65)

While it is possible to work entirely in terms of the electromagnetic Green’s
function G(r,r’), for certain problems it is convenient to define another
Green'’s function. We call this Ggy(r, r’). The Green’s function Gy (7, r’)

is defined as the solution to
V X V x Gey(r,7") — K*Gey(r,v’') = V x [16(r — )] . (2.66)

This has the form of, for example, the term involving V X j in (2.46b). Phys-
ically, this term describes the generation of a magnetic field due to an electric
current with non-zero vorticity (denoted by the subscripts of Ggpy). To find

the form of Ggy(r, "), we apply the same method as before, finding that
V- Gey(r,r) =0. (2.67)
When substituted back into (2.66) this gives
(Vz—i-kz)GEH(r,r’) = -V X [lé(r,r’)] , (2.68)
leading us to seek a solution of the form

Geu(r,r') =V x [19(r,r")], (2.69)
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where again (7, r’) must be found. Once again, we find that ¢(r, ") must

be the Green’s function for the Helmholtz equation

Geu(r, ') = =V x [1Gy(r,7")]. (2.70)

By inspection, we can see that this is equivalent to the curl of the dyadic

Green’s function. We can therefore define

0 d/dz —0d/dy

eiklr—r’|
Gey(r,? )=V xG(r,7")=| —3/0z 0 d/0dx —47r|'r ]
d/dy —0d/dx 0
2.71)

Evaluating the derivatives in the expressions for the Green’s functions, we

have

N ikR — 1 3 —3ikR —K’R? R® R &R
G(r,r") = [(1 + R ) 1 IR2 RZ | 7R’ (2.72a)
, k(. 1Y e*R
Gey(r,r’) = (Rx1) R (z - ﬁ) 1R (2.72b)

where R = r —r’,R = |R| and k = w/c is the wavenumber. These Green’s
functions are plotted in Figure 2.1. In terms of these Green’s functions, solu-
tions to the vector wave equations (2.46) for any source distribution can be
found. We now derive some general properties of these Green’s functions
that will become useful in physical contexts. A far more thorough treatment
can be found in Tai [24]; here we outline the key results.

In deriving the following properties, it is important to realise that the
two Green’s functions are tensors with two indices: one represented by the
r coordinate and one by the 7’ coordinate. We would like to derive the
effect of interchanging these tensor indices. Immediately, we notice that

differentiating the Green’s function for the Helmholtz equation (2.56) with
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Re[Ggy(r, )]

‘ GEH,xx I ‘ GEH,xy I
‘ GEH, yx I ‘ Ger, yy I
‘ GEH,zx ! ‘ GEH,zy M GEH,zz

Figure 2.1: Real parts of the electromagnetic Green’s functions, shown
schematically. The figures are generated for a point source at v’ = (0,0,0), observed
in the x — y plane at z = 1. The symmetric nature of G(r,r’) as well as the
anti-symmetric nature of Ggy(r,r’) are evident. The Green's functions can be
interpreted as the response of the electromagnetic field to delta-like current excitations.

GEH, Xz

GEH, yz

respect to the primed rather than the unprimed coordinates leads to a minus
sign: V/Gy = —V Gy, so V'V’'Gy = VVGy. From this, we see that if we
start from the tensor Green’s function were r has been re-labelled as 7’ and

vice—versa

G(r',r) = <I—|— k1—2V’ ® V’> Go(r',m), (2.73)

we can then exchange r and 7’ in the scalar Green'’s function Go and exploit
the fact that two derivatives over the primed coordinate are equivalent to
two derivatives over the unprimed coordinate. This leads to the observation
that the tensor Green’s function exhibits reciprocity
G(r',r)= <I + lV ® V) Go(r,7’), (2.74)
K2
= G(r',r) =G(r,r"). (2.75)
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Now, since in free space G(r’/, r) is also a symmetric dyadic (this is evident

from both Figure 2.1 and equation (2.65)), it follows that

(2.76)

Applying the same reasoning to Gey(r’, r), we see that as before an inter-

change of the primed and unprimed coordinates leads to a minus sign

Gey(r',r) =V’ x [lGo(r',r)} ,
= -V X [lGo(r,fr’)} , (2.77)

Gey(r',r) = —Geg(r, 7).

Since Gey(r,r’) is also clearly anti-symmetric (this can be seen in Figure

2.1 or equation 2.71) we can deduce that

[GEH(’I’,,’I“)] T = —GEH(’I‘,,’I’),

(2.78)
[GEH(T,, ’I")] T = GEH(’P, ’I").

These symmetry properties of the Green functions (2.76), (2.78) can be inter-
preted as representing the important physical phenomena of reciprocity. In

the next section, this will be discussed in the context of antenna radiation.

2.4 Dipole Antenna Radiation

As the main topic of this thesis is the manipulation of dipole radiation, in
this section we develop a simple model for this radiation. We will use the
electromagnetic Green’s function derived in the previous section to solve

Maxwell’s equations for the fields produced by a small oscillating electrical
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current. This is the simplest model of dipole radiation.

The definition of a dipole is two charges of opposite sign, +q separated
by a distance d. Taking the oscillation of the dipole to be time harmonic and
the charges to be point particles, we can write the charge density of a small

dipole located at r; as

p(’l",t) =q |f5 <T—7‘d— gz'\) -0 <7'_7'd+§2)} e—iwt/
2.79)

iwt

= —qdz0,6(r —ry)e”

Using the continuity equation (2.42), we can convert this charge density into
a current density

j = —iwpd(r)e ", (2.80)

where we have defined the dipole moment as p = gdn with 7 being a unit
vector pointing along the dipole. By convention, this points from the nega-
tive charge to the positive charge. The units of p are therefore charge times
distance.

Calculating the electric and magnetic fields due to this current distri-
bution is now straightforward. One simply substitutes the dipole current

density (2.80) into the vector wave equations (2.46)

V x V x E(r) —KE(r) = w*ugpd(r —r4), (2.81)

V xV xH(r)—kKH(r) = —iwV x [pé(r —ry)], (2.82)
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Far-field Radiation

E, of Electric Dipole Pattern

In Free Space 90°
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Figure 2.2: Electric field of an electric dipole in free space and the normalised
far-field power distribution. Brightness indicates the magnitude of the field, while
colour indicates the phase, given by the inset colour wheel. The dipole is indicated by a
double-ended black arrow at the origin. Most radiation occurs along the axis
perpendicular to the dipole moment.

and using the definitions of the Green’s functions (2.59),(2.66) we can write

down the solution immediately

E(r) = &*uoG(r,74) - p, (2.83)

H(r) = —iwGgy(r,ry) - p. (2.84)

The electric field of a dipole antenna in free space aligned along the ¢ axis
is plotted in Figure 2.2, along with its far-field radiation pattern. The above
results are valid when the antenna is small compared to the wavelength of
light: the delta functions make evaluation of the convolution integrals of
the source term and Green’s function trivial. One can go beyond the point
dipole approximation by employing the method of moments [6], although
this is not treated in this thesis.

The symmetry conditions upon the Green’s functions derived in the pre-
vious section, equations (2.76) and (2.78), are connected to reciprocity [15,
24,27]. This is the property of the electromagnetic field that means when a

source and an observer are interchanged, the field remains the same. This
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can be understood mathematically as follows. We start by writing Faraday’s
law (2.41c) and Ampere’s law (2.41d) for two different time harmonic cur-

rents j; and 7 as

V X E = 1w31 V X H1 = —iwD1 —|—j1, (285&)

V X E; =iwB» V X Hy = —iwD; + 3». (2.85b)

Taking the dot product of (2.85a) with H» and E, respectively, and of (2.85b)

with —H; and — F; respectively, adding the results gives

(Hz-VXEl—El-VXHz)—l—(Ez-VXHl—Hl-VXEz)
—iw (B -Hy— Hy-By) +iw(E,-D, — D, -E;) (2.86)

+(j1-Er— g2 E).

The left hand side can be re-written using a vector identity °>. Assuming that
the background medium is linear so that D; = ¢;3Ex and B; = p; Hy then we
see that By - Hy = ujHy Hyx = Hj - B. The same is true of the second

term on the right hand side. This means that we are left with
V'(ElXHz—E2XH1):j1-E2—j2'E1. (287)

Integrating this over all space, the divergence theorem can be applied to the
left hand side. We are then free to choose a surface at r — oo so that the

integral vanishes * . This leaves us with the reciprocity theorem

| i) Bar) = [ alr) - Bx(r). (2.88)
1% 1%

3%V- (AxB)=(VxA)-B—(VxB)-A

4The Sommerfeld radiation condition demands that radiated power must decay to zero
at infinite distances from the sources [23]. Since the Poynting vector is S = E x H, we see
that the left-hand side of eq. (2.87) must vanish at infinity.
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A very similar expression can be derived for magnetic dipoles and it should
be noted that this applies to only dipole emission. If one has a source with
higher multipolar moments, then an alternative form must be derived. This
is beyond the scope of this thesis, but is considered in [15].

Before seeing that electromagnetic reciprocity makes the symmetry prop-
erties of the Green’s functions inevitable, it will be useful to first interpret
the reciprocity theorem (2.88). Let us say that our source current is j;, gen-
erating an electric field E4, the explicit form the electric field generated is
given by equation (2.83). Our detector current is then jp. The reciprocity
theorem tells us that interchanging the source and detector currents does
not change the system or the fields at all. This is very useful when studying
antenna radiation, as it implies that the behavior of an antenna as an emitter
is the same as its behavior as a detector. To now show that reciprocity man-
ifests in the symmetry of the electromagnetic Green’s functions, we simply
note that in equation (2.88), j, ~ é(r — ry)pn and Ey,(r) ~ G(r,7y) - pn, as
we have already shown. Prefactors can be neglected as they are the same on
each side of the equality. Substituting these forms for current and electric
tield, we find that the reciprocity theorem (2.88) leads immediately to the

symmetry of the electromagnetic Green’s function

p1-G(ry,m2) p2=p2-G(ry,m1) - P1, (2.89)
=p1 G (ra,71) D2, (2.90)
G(r1,m) = G (ry,m1). (2.91)

Since G(ry,72) is a symmetric tensor this is equivalent to equation (2.76).
Similar reasoning [24, 27] leads to the same reciprocity condition for Ggy(r, '),
given in equation (2.78). This also leads to a physical interpretation of the

two indices of the electromagnetic Green’s functions. The first index is the
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position of the observer/detector and second index is the position of the
source.

We now proceed to introduce a useful tool in the characterisation of
dipole radiation: the Polarized Local Density of Optical States (PLDoS). A
clear and thorough review of this quantity and its application has been pre-
sented by Barnes and Horsley [28], so here we will only outline the key con-
cepts. The time averaged power emission of a point dipole emitter, located

at r;, can be evaluated by computing the integral

(P) = —%Re {/Vj(r) : E(r)dr}, (2.92)
= w?ppIm {/V o(r—ry)p-G(r,7y) 'p} , (2.93)

= W3uoIm {p- G(rg,vq4) - P} . (2.94)

From this, the PLDoS is defined as

20wn?

pp(P, g, w) = Im{p-G(ry,rq)- P}, (2.95)

mtc?

where p is a unit vector pointing along the dipole moment of the dipole
emitter’ and 7 is the refractive index of the background medium. This quan-
tity gives the number of electromagnetic modes available per unit volume,
for a given dipole polarization p and a given frequency, w. The strength of
the coupling of the current in the dipole to the modes of the electromagnetic
field is characterised by the PLDoS. The larger the PLDoS, the more electro-
magnetic modes are available for the emitter to couple into, so more power

is radiated. Averaging the PLDoS over polarization and position allows one

SThe vector p has been left inside the Im deliberately: for chiral sources p is complex.
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to obtain a hierarchy of related densities of states, with reducing specificity

pi(r,w) =} _pp(B,7,w), (2.96a)
p

p(w) = /V drp)(r, w). (2.96b)

Here, p; gives the number of available states per unit volume for a given
position and frequency, but for any polarization and p(w) gives the total
number of available states at a given frequency, averaged over position.
While the work of this thesis will focus upon the PLDoS in the context
of electromagnetism, its applicability goes far beyond this. Indeed, the PL-
DoS has also been used to characterise thermal and acoustic emission. To
emphasize this, the meaning of the PLDoS can be explained schematically
with a simple mechanical analogy. Figure 2.3 shows two of the modes sup-
ported by a drum (vibrating membrane), denoted by wg; and wy5. If the
drum is struck at position r;, shown in red, then only the mode shown
in pink, w1, is excited. On the other hand, if the drum is struck at po-
sition 73, shown in blue, then both modes are excited. This is exactly the
information given by the PLDoS: the number of available electromagnetic
modes available for a certain location, frequency and polarization. A fi-
nal interesting analogy to further exhibit the meaning of the PLDoS is re-
vealed by slightly re-writing equation (2.94) by defining p = pop so that
(P) = w?nopilm {p - G(ry,74) - p}. This has the form (P) ~ Ap3p,, where
A is a collection of prefactors. Writing Equation (2.94) in this way highlights
the similarity with Fermi’s Golden rule [29], which connects decay proba-

bilities to the matrix elements of the initial and final states, as well as the
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Figure 2.3: A mechanical analogy to explain the meaning of the Polarized
Local Density of Optical States. A drum (vibrating circular membrane) supports
several modes. Two are indicated by the pink and greens lines: wg; and wo 5
respectively. If the drum is struck at location r1, shown in red, then only the mode w1
is excited while if the drum is struck at 75, shown in blue, then both modes are excited.
This information about the local availability of modes is the information that the
Polarized Local Density of Optical States gives about the electromagnetic field.

density of states into which the system can decay as
27 5
Tir= ?|Mif| p(Ef). (2.97)

This has an identical form to (P) ~ Ap3pp, and the interpretations of the
terms are very similar. For a decaying atom, emitted power and decay prob-
ability are proportional. The matrix elements |M;¢| describe the strength of
the coupling of the initial and final states, while the dipole moment pg de-
scribes how strongly the current in the dipole couples to the electric field. In
both cases the densities of states give the number of modes (or states) into
which the system can decay.

The PLDoS is a very useful tool in characterizing the effect of photonic
environments upon antenna radiation. Modifying the environment around

an antenna changes the availability of electromagnetic modes; this is clear
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from the study of waveguides and the Casimir effect [15]. This is shown in
Figure 2.4, where the effect of placing a mirror below an emitter is demon-
strated [30]. Although useful, PLDoS does not tell us where the radiation
goes, only the availability of modes. For instance, it contains no information
about which of the modes are occupied and which are empty. This means
that while the power emission of a dipole can be well characterized using
the PLDoS, the structure of the field cannot.

Now that we have formulated a way to solve Maxwell’s equations for
point dipole radiation, and seen how this radiation can be characterized
we can move towards the main topic of this thesis: the manipulation of

radiation properties.

— 3Pp, 1/Po
—— 30p, L/Po ||

0.5 1 1.5 2

h/A
Figure 2.4: The variation of emitted power (or the polarized local density of
optical states) of a dipole above a mirror. Two different polarizations of the dipole
are shown: parallel (dark red) and perpendicular (orange). The dipole emits radiation
with wavelength A at a height & above the mirror. In both cases, the mirror is shown in
grey. The complex electric field is plotted, with brightness indicating magnitude and
colour indicating phase. For parallel polarization (red), when the dipole is on the mirror
the image source cancels the emitter completely so that p,/po — 0. For perpendicular
polarization (orange) the image source acts to double the length of dipole leading to a
doubling of the power emission when the dipole is on the mirror surface. As the
distance of the dipoles above the mirror is increased, the power emission undergoes
‘Drexhage oscillations’ [30], before tending to free space emission as /A — oo.
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2.5 Scattering: Mie Theory

In order to make analytic progress on a range of problems relevant to the
design of metamaterials, some approximations will be necessary. The first
of these has already been mentioned: our antenna can be modelled as a
point dipole. This is valid as long as the length of the dipole is significantly
smaller than the wavelength of radiation it emits. Now, when considering
how we might place some scatterers around an antenna in order to have a
desired effect upon the radiation we must make some assumptions about
the scatterers themselves. We will assume that the scatterers are small com-
pared to the wavelength of light. This means that we can treat the electric
field as being constant over the volume of the scatterer. Also, we will as-
sume that the scatterers are homogeneous, isotropic dielectric spheres. To
understand these assumptions and state them more precisely it is necessary
to sketch the full theory of electromagnetic scattering from spheres. This is
one of a surprisingly small class of electromagnetic scattering problems that
can be solved analytically.

The complete theory of electromagnetic scattering from spheres was de-
rived by Mie in 1908 [31] and has since been reviewed in full detail (c.f. [32,
33]). Here, we follow the notation of Bohren and Huffman [32] to sketch
the solution, outlining the parts important to the problems we will solve
later in the thesis and to make it clear how the assumptions outlined in the
paragraph above lead to a way of describing scattering from small spheres.
The calculation is conceptually rather simple, however working with vec-
tor fields and several families of special functions can become somewhat

involved.
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Beginning from the vector equations for monochromatic waves in free

space

(V24 K)E =0 (V24 k*)H =0, (2.98)

V-E=0 V-H=0, (2.99)
where F and H are not independent, subject to
V x E = iwpH V x H = —iweE, (2.100)

where ¢ = gpe, and u = pop,. The aim is to solve these equations under
scattering from a sphere of dielectric of arbitrary size. To this end, one may

introduce the vector spherical harmonics

V X Mgmn

= (2.101)

My =V X (T9Pen), Neyn =
where

Yemn = cos(m@) P (cos(0))zn(kr),  Yomn = sin(me)P, (cos(6))z, (kr).
(2.102)

The subscript ‘e’ denotes that the solution is even and thus ~ cosm¢, ‘0’
denotes odd solutions that are ~ sin m¢, z,, (kr) is any of the spherical Bessel
functions and P}’ are the Legendre polynomials. From these definitions, it is
possible to show that M satisfies the vector Helmholtz equation as long as
¢ is a solution to the scalar Helmholtz equation. One may decompose the

scattered, incident and internal fields into these harmonics. For example,
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the scattered field can be written as

E, = ZlEn ia, NS —b,M%), (2.103)
= K S BN M), (2.104)

wyn

where a, and b, are the Mie scattering coefficients, which must be deter-
mined. To determine these, one must apply the Maxwell boundary condi-

tions [15, 16] at the interface between the dielectric sphere and free space

[Ex(r) — EBy(r)] x A =0, [Hy(r)—Hy(r)]xna =0, recdS. (2.105)

This procedure yields the expressions for the Mie coefficients a,, and b, for

each of the scattered modes in terms of the Riccati-Bessel functions [34]

¥,(2) = zju(2) En(z) = zh'V (2), (2.106)
() () — () ¥ (1)

T = S () () — B () P, (1) (2.107)
() ¥ (x) — ¥ () ¥ (2)

P Y ()2 () — M () ¥ () (2109

In these expressions x = ka is the size parameter, where 4 is the radius of
the spherical scatterer and m = ny/n is the refractive index contrast of the
scattering material 77 and the background n. These expressions are plotted
as functions of the size parameter in Figure 2.5. The coefficients a,, describe
the electric multipole modes, where 4 is the electric dipole mode, a; is the
electric quadrupole and so on. The coefficients b, describe the magnetic

multipole modes in the same way. From Figure 2.5, it can be observed that
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Figure 2.5: The absolute value of the Mie 4,, and b, coefficients, as functions
of the size parameter. Background refractive index is free space n = 1 and scatterers
are taken to be silicon at 550 nm, with n ~ 4.1 4+70.041. For ka <1 (black dashed
line), the dipole modes a1, b; dominate the scattering response.

for ka < 1 the dipole response dominates. A convenient way to describe
scattering from objects is through the extinction coefficient, which charac-
terises the loss of field amplitude due to both absorption and scattering. In

terms of the Mie coefficients, the extinction coefficient of a scatterer can be

written as [32]

27T n=oo )
Text = k_zlm { 21 i(2n+1)(a, + bn)} . (2.109)
n=

Noting this will be useful when connecting Mie’s theory of scattering to an
alternative method to describing scattering. For small scatterers, we need
only consider the dipole a; and b; terms in the field expansions (2.103,
2.104). As these are the dipole terms, this assumption is called the dipole
approximation.

In the dipole approximation, one can connect the electric and magnetic

dipole moments, p and m respectively, acquired by a scatterer in response
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to applied fields as

« 0 E
Pl | (2.110)

m 0 ay H

~

where af is the electric polarizability tensor and apy is the magnetic po-
larizability tensor [35]. This picture is commonly used for analyzing the
scattering from systems of several small dielectric scatterers (i.e. [36, 37]).
Generally, one way to interpret the components «;; is how strongly the scat-
terer polarizes along the direction i in response to an applied field in the j
direction © . The coefficients, o depend only upon the geometry of the scat-
terer, and for isotropic scatterers have no off-diagonal elements. This is the
way of describing scattering that will be used throughout this thesis, as the
macroscopic polarization of the scatterer is related to the dipole moment as
P = pé(r —r') 7 for a point scatterer. This immediately gives an expres-
sion for the source terms in the vector wave equation (2.46) in terms of the
properties of the scatterers. One way to calculate the elements of the polar-
izability tensor for isotropic spherical scatterers is using the Mie coefficients.

The optical theorem [10, 38] connects the extinction cross-section of a

scatterer with polarizability a as

Simply comparing this with the expression one can derive from Mie theory
for the extinction cross-section (2.109) one can write down the expressions

for the electric and magnetic polarizabilities in terms of the Mie coefficients

®There is analogy between this and the stress tensor, for example [9]

"We have already stated that P should have units of dipole moment per volume. As the
Dirac delta is a distribution with units of inverse volume, this expression clearly has the
correct units.
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as

67T 67T
Ng = zﬁal, ay = lk_3bl' (2.112)

For isotropic scatterers, the polarizability tensor is diagonal, thus

100 100
ar=[0 1 0| «g ag=101 0|an. (2.113)
001 001

It is possible to generalize these expressions to materials which are not spher-
ical (and therefore not isotropic) or exhibit bi-anisotropy [35]. It should also
be noted that evaluation of a4, and b, is not trivial. Numerical evaluation
of the derivatives of the Bessel functions can be delicate, however excellent
libraries exist in many programming languages. In this work, we make use

of the python library ‘PyMieScatt’ to evaluate a,, and b, [39].

2.6 The Discrete Dipole Approximation

To address the problem of designing metasurfaces, we begin by considering
a metasurface composed of sub-wavelength discrete elements that support
electric and magnetic dipole resonances. Maxwell’s equations for a fixed
frequency w = ck, where k is the wave-number, can then be written as

V x V x 0 FE E
—K?

0 V x Vx H H
Es W’y iwpgV x P
_l’_

H, —iwV x k2 M
(2.114)
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In this expression Es and H; represent the source fields, for example the
field due to an emitter or a background plane wave. The source field is a so-
lution of (2.114) with the right hand side equal to zero. The total electric field
is then Ei.t = Es 4+ E. The properties of the metasurface are encoded in the
polarisation density P and the magnetisation density M. This is generally
a difficult equation to solve, however the assumption that the scatterers are
sub-wavelength rk < 1 means that the elements of the metasurface can be
modelled as point-like. In general, the polarisation and magnetisation den-
sities contain all multipole moments [40-42], however if we assume that
only the dipole terms are present, then we can write the polarisation and

magnetisation densities as
P = ZaEE(rn)(S(r—rn), M = ZaHH(rn)(S(r—rn), (2.115)
n n

where E(r,), H(ry,) are the fields applied to the scatterer. This reduces
the source terms in Maxwell’s equations (2.114) to a summation of delta
functions. As discussed in Section 2.3, equations of this form can be solved

with the dyadic Greens function and its curl [24, 26]

eiklr—7’|

1
art|r —r!|’

G(r,r') = {1 + 2

V®V} Gey(r,7’) =V x G(r,7").

(2.116)
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The solution to Maxwell’s equations (2.114) with source terms given by

(2.115) can then be written as

n=N ZG(r, )0 iCGey(r,n)oy E(ry)
n=1 —l'gGEH(’I",T‘n)aE CZG(T’/'Pn)aH H(r”)

where we have chosen units such that the impedance of free space is ) = 1
and work in terms of a dimensionless wavenumber ¢ = ka, where a is a
length scale we are free to choose. This solution is not yet closed, since the
fields applied to each scatterer (E(ry), H(r,)) must be determined. To do
this, the position of each scatterer r,, is substituted into (2.117) giving a sys-
tem of simultaneous equations that can be solved for the fields applied to
the scatterer. This procedure yields the following matrix equations connect-

ing the source and total fields at each scatterer

E(r E.(r
Roum (r) | _ [ Bslrn) , (2.118)
H(ry) H(ry)
where
R,, — 16m — gZG(Tn; ""m)aE _igGEH(Tn/ rrn)aH . (2.119)

igGEH(rn/ "'m)aE 1oum — C2G(Tnz T'm)aH

The self-consistency condition (2.118) can be solved with standard matrix
methods [43] for the fields applied to each scatterer, which includes the
source field as well as contributions from all of the other scatterers. Once

these fields are found, the solution to Maxwell’s equations given by (2.117)
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is fully specified.

The particular physical system we consider in many numerical examples
is an arrangement of silicon spheres of radius 65 nm at a wavelength of 550
nm giving kr ~ 0.75. For this simple choice of metasurface element, the
electric and magnetic polarisability tensors can be constructed from the Mie

coefficients [31, 44] a; and b; as

fr — 113(—?611 ayg = 11'?(—73-[191 (2.120)

where 1 = diag(1,1,1) is the unit tensor. Polarisability tensors for more
complicated scatterers can be extracted from numerical modelling [38, 45],
making this method applicable to a very wide range of systems. This is
discussed in full detail in Appendix B. The key benefit is that an expensive

full-wave simulation is required for only a single scatterer, not the entire

metasurface.

2.6.1 Simple Example: Discrete Dipole Approximation For

a Scalar Field

Many of the key results of the thesis will involve designing disordered struc-
tures consisting of discrete dipolar scatterers. As leveraging the numerical
and conceptual benefits of the discrete dipole approximation will be cru-
cial for what follows, in this section we will consider some of the imple-
mentation details of the multiple scattering problem. To retain conceptual
simplicity, we will consider a scalar field obeying the Helmholtz equation.
This could be a single component of the electromagnetic field, or an acous-
tic pressure wave. The wave field will be modified by several identical

point scatterers located at {r,}, that scatter with strength a¢(r,). Solving
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the multiple-scattering problem means finding the applied fields, which in-
clude both the source field as well as the effect of all of the other scatterers.

The wave—equation is therefore

(V2+ ) (r) = j(r) + Y_ad(r —ra)g(r), (2.121)

where k is the wave-number and j(r) is the source current generating the
incident field ¢;(r). This can immediately be solved using the Green's func-
tion, which for the 2D Helmholtz equation is the Hankel function of the first
kind

G(r,r") = %Hél)(lqr —)). (2.122)

The solution to (2.121) is therefore

P(r) = ¢i(r) + Y _aG(r,rp)p(rn). (2.123)

To find the fields applied to each scatterer ¢(r;), we form the linear system

Ro, = ¢, (2.124)
where
bn = ¢(7n) bi = ¢i(rn) (2.125)
and the interaction matrix is
1 n=m,
Ruym = (2.126)

—aG(ry, rm) n#m.

The code used to setup and solve this problem is given in Appendix A.
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An example of using this formalism to find the fields of a collection of

scatterers is shown in Figure 2.6. An incident plane wave, Figure 2.6 a), is in-
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Figure 2.6: An example of solving the multiple scattering problem in 2D. a) An
incident plane wave is disturbed by a random distribution of scatterers. To find the
total (incident+scattered) field at each scatterer, we must form the interaction matrix
shown in b). Solving the linear system (2.124) for the fields at the scatterers allows us
to find all of the fields of the system, shown in c) and d).

cident upon 5 randomly positioned scatterers with polarisability « = 1 + 3.
The resulting scattering matrix is shown in Figure 2.6 b), with the scatterer
positions and fields shown in Figure 2.6 c), d). The interaction matrix has
1 along the diagonal, then off-diagonal elements that reflect the strength of
the coupling between the various scatterers. For example, just reading off
elements of the interaction matrix tells us that the scatterer labelled 0 inter-

acts more strongly with scatterer 4 than scatterer 1. This is because scatterer
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4is closer: the Greens function in 2D decays as 1/+/7 (in 1D there is no decay
and in 3D there is a 1/7 decay), meaning that one would expect scatterers
closer together to couple more strongly.

With the model set up, we can ask “when are multiple scattering effects
important?”. To answer this, we consider two examples using just two scat-
terers. Firstly, we keep the polarisability of the scatterers fixed and vary
the separation between them. Secondly, we keep the separation between
the scatterers fixed and vary the polarisability. In each case, we compare
full multiple scattering to the Born approximation [10, 46]. This is typically
the weak scattering approximation, were no multiple scattering is present

meaning that the total field is just

$Born (1) = ¢i(r) + szG(r, 74) i (11). (2.127)

In this approximation it is unnecessary to perform a matrix inversion to find
the field applied to each scatterer, as it is just equal to the incident field. The
result of keeping the polarisability fixed to be & = 1 + i3 and changing the
separation is shown in Figure 2.7. Beginning with two scatterers separated
by A, Figure 2.7 a) and b) shows the field both with and without multiple

scattering, and the error between the two characterised as
Field Error = |¢(r) — ¢Born(T)], (2.128)

shown in Figure 2.7 ¢). Some error is observed, although it is reasonably
small. The far—field radiation pattern from the multiple scattering approach
and the Born approximation are compared in Figure 2.7 d), showing almost
no difference. Performing the same comparison with two scatterers sepa-

rated by A/3 in Figure 2.7 e)-h), much larger field errors are observed, as
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Figure 2.7: The effect of scatterer separation on the strength of multiple
scattering effects. Considering two scatterers with polarisability &« = 1 + i3 separated
by a)-d) A and e)-h) A/3, we investigate when multiple scattering effects become
important to consider. The fields of the system under plane wave incidence are
evaluated using a), e) the Born approximation and b), f) the full multiple—scattering
formulation. The differences between the two approaches are shown in c) and g), with
the radiation patterns compared in d) and h).

well as large differences in the radiation patterns. The dependence of the
radiation pattern error, defined as the residual sum of square differences
between the multiple scattering and single scattering solutions, on both sep-
aration and polarisability is shown in Figure 2.8. The effect of the spacing,
shown in Figure 2.8 a) shows that for small scatterer spacing multiple scat-
tering effects are important, diminishing for larger separations. Oscillations
in the error are due to the multiple interaction term ~ Hél) (k|ry — rp]) van-
ishing for certain separation values, related to the positions of the Bessel
function zeros. Figure 2.8 b) shows the effect of keeping the scatterers sep-
arated by A, but varying the real part of the polarisability. For weak scat-
tering, or small polarisabilities, the Born approximation is valid. However,
when scatterers are close together and/or the polarisability is large, multi-
ple scattering effects must be taken into account.

These findings can be summarised as: multiple scattering effects become

crucial when scatterers are close together and/or when scattering is very
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Figure 2.8: Effect of separation and polarisability on the radiation pattern of a
two scatterer system. a) shows the sum of squares error between the radiation
pattern, evaluated using the Born approximation and multiple scattering, as a function
of scatterer separation for a fixed polarisability. Oscillations occur due to interference
effects, although the an overall trend that multiple scattering is more important at
smaller separations can be observed. b) shows the effect of changing the real part of
the polarisability upon the error in radiation pattern, for a fixed scatterer separation of
A. As Relua] gets larger, so does the error, leading to the conclusion that multiple
scattering is important when scattering is strong.

strong, as is the case on resonance. Many electromagnetic systems rely on
resonances to produce strong effects, and it is typical to have many such
elements in close proximity to each other. Indeed, the field of metamateri-

als relies on closely packed resonant elements to achieve a wealth of wave

manipulations.

2.7 Metamaterials

Most materials derive their electromagnetic properties from their chemi-
cal composition, understood through the Ewald—Oseen extinction theorem
[46]. However, metamaterials derive their electromagnetic properties from
their structure, rather than chemistry. Although a lively area of current re-
search, many of the principles behind metamaterials have been known for

a long time.
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The Lucurgus cup, originating in 4th century Rome, shows a different
colour depending on whether or not it is illuminated [47]. This effect is
achieved without using dyes, but instead relies on the plasmon resonances
of small gold and silver particles suspended in the cup. When excited at op-
tical wavelengths small particulates of gold and silver, of diameter ~ 70 nm,
support surface plasmon-polaritons changing how the material appears.

Over the last hundred years or so, ideas of metamaterials were devel-
oped greatly while also inspiring (or maybe taking inspiration from) science
fiction. In his 1965 novel “Dune”, Frank Herbert describes ‘meta—glass’,
noting its use a selective radiation filter [48]. By the 1970s, science fiction
had become science fact as many people had something that might fit the
description of ‘meta—glass’” in their homes: the door of a microwave oven.
Thin surfaces of periodically pattered metal, frequency selective surfaces
[49], can be designed to reflect, transmit or absorb radiation based upon its
frequency. Frequency selective surfaces (FSSs) have been extensively ap-
plied to microwave and radio wave problems, providing the framework for
modern metasurfaces. The field of frequency selective surfaces has given
birth to the active research topic of metasurfaces, 2D metamaterials. Ex-
tending the idea of FSSs by grading their elements in space, many novel
reflection and transmission properties can be realised. For example, one
can break Snell’s law [50, 51], make metasurface holograms [52], create very
thin optical components [53], perform polarisation conversion, perform im-
age processing [54] and solve integral equations [55].

Another concept that appeared in science fiction long before it appeared
in science is that of invisibility. H. G. Wells’s “The Invisible Man” [56], pub-
lished in 1897, describes a man who changes his refractive index such that

he is invisible. Using the fact that Maxwell’s equations in a material with
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e = p take the same form as they do in a gravitational field, researchers de-
veloped the theory of transformation optics. This enabled both the design
[57, 58] and experimental realisation [59] of an invisibility cloak, in the early
2000s. Grading refractive index in space has also enabled devices that sort
incident fields by their wavelength [60] or perform mode conversions [61].
Great experimental progress has been made on the fabrication of meta-
materials with complicated features and theoretical advances have produced
many interesting analytic refractive index profiles for many different pur-
poses. However, the problem of designing metamaterials that can easily be
fabricated for specific purposes remains challenging, attracting much atten-

tion over the last two decades.

2.8 Inverse Design of Metamaterials

If metamaterials are to be used to solve the current problems in, for exam-
ple, communications and stealth, techniques must be developed to design
a metamaterial for a specific application. In this section, we outline some
methods that have been developed to design metamaterials for a range of
applications.

Exploiting the fact that Maxwell’s equations retain their form under cer-
tain coordinate transformation, with different material properties, transfor-
mation optics emerged in the early 2000s with the seminal papers of Pendry
[58] and Leonhardt [57] as a fully analytic method for designing metamate-
rials. Leonhardt used this idea to design an isotropic cloak in two dimen-
sions using conformal mappings while Pendry designed a 3D cloak using
anisotropic materials. While this is a very elegant design tool, the material
properties required to deliver transformation optics can be hard to realise

experimentally. The technique also lacks flexibility, as it relies on the ability
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to find a coordinate transform that solves a given problem. Although recent
progress has seen made on this [62], it is in general an open challenge.

In addition to analytic techniques, many efficient numerical methods
have been developed to solve the inverse design problem algorithmically.
To do this, one must typically define a figure of merit: a physical quantity
that one wishes to maximise or minimise. For lensing this could be the
modulus of the field at a particular point, while for mode conversion it will
be the overlap between the existing and desired mode. Different numerical
techniques are used to address different design problems, which we now
review.

Firstly, the Gerchberg—Saxton algorithm [63] has been used extensively
[52, 53] to design metasurface holograms. This technique converts a desired
image into a phase map that must be imparted onto a plane wave. To im-
plement the required phase offset in a metamaterial, one typically uses as
‘meta—atoms’ elements that can be geometrically tuned. For example, one
can change the angle or size of a resonator to change the phase of transmis-
sion. Each pixel of the phase map then corresponds to a single meta—atom
with the correct geometric properties. This design technique is extremely
efficient and produces devices that can be easily fabricated, but is limited
to planar metamaterials that impart a phase offset. It also typically requires
many full-wave simulations to build up the meta—atom library. Recently,
the Gerchberg—-Saxton algorithm was extended to include the ability to ma-
nipulate the amplitude [64] of the wave however arbitrary control of the
electromagnetic field is still not possible within this framework.

Recently, it has become standard to design metamaterials with specific
spectral properties using machine learning [65-67]. Designing a particu-

lar reflection coefficient as a function of wavelength, for example, can be
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done by generating many different meta—atom geometries, which are typi-
cally arrayed to form a metasurface. This is the training data. For each of
the generated meta—atoms, the reflection coefficient as a function of wave-
length is calculated using a full-wave solver (i.e. COMSOL [68]). With the
test input and output, a neural network can be trained to map between the
two. One can then use the neural network backwards, to predict a structure
that will produce a certain spectral response. This technique works well,
however generating the training data is time consuming and the method
overall provides little physical insight. Indeed, machine learning tools are
being applied to the output of machine learning tools to try to understand
how they work [69].

Genetic algorithms have found application in designing materials that
manipulate the field of small emitters [70] as well as a so called ‘evolved’
antenna [71]. One can construct a metamaterial from a collection of small
discrete elements that can be arranged anywhere in space around an emit-
ter. Genetic algorithms work by randomly generating many different con-
tigurations of these elements, selecting the best and then combining good
solutions (crossover) and adding random changes (mutation). Currently,
genetic algorithms are the only way to distribute large numbers of discrete
scattering elements in space around an emitter to engineer its properties,
and to date only various emission efficiencies have been tuned [70]. How-
ever, they suffer from similar drawbacks to machine learning techniques.
The results of genetic algorithms are difficult to interpret physically, as they
are based upon random number generators. Also, if the fields are found us-
ing full-wave simulations then the procedure can be inefficient as genetic al-
gorithms typically require very many figure of merit calculations. It should

also be noted they do not guarantee a global minima, as is shown in [70].
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Figure 2.9: An example of gradient descent optimisation. The objective is to
minimise the function given by Eq. 2.130. Starting from two different points, shown as
black stars, steps of size y = 0.01 in the direction of —V f(x,y) are taken iteratively,
until a minima is reached. a) shows the function space and the two paths, b) shows the
progression of the value of f(x,y) along the two paths. The blue path ends in a local
minima at f(—3.17, —7.81) = —87.29 while the red path finds the global minima at
f(—=3.13,-1.58) = —105.76.

Perhaps the simplest method of inverse design, understood as maximis-
ing or minimising a function, is gradient descent [72]. For some differen-
tiable multi—variate function f(x), the direction in which it decreases most
quickly is given by —V f, where the derivatives of the gradient are with re-
spect to the variables x. To find the set of variables {@min} for which f(x)
is minimal, one can choose some starting point in parameter space Tiyjtial,
evaluate the gradient of f(x), take a small step in that direction according

to

et = ' 4 4V f(xh), (2.129)

where i denotes the iteration number and v is the step size. The procedure
can then be repeated until a minimum is reached and the gradient vanishes.
It should be noted that, depending upon the landscape of the function f(x),
this process may not find a global minimum and instead get stuck in a local
one. The local minimum found could also depend upon the starting pa-

rameters one chooses. To illustrate this we consider an example: we seek to
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minimise Mishra’s Bird function [73], given by
fy) = sin(y)e =0 +cos(x)el M 4 (x—y)? (2130)

This is commonly used optimisation test function and exhibits several local
minima as well as a global minimum at
f(—3.13,-1.58) = —105.76. In Figure 2.9, the progress of gradient descent
at two different starting points, shown as black stars, is illustrated. In each
case, Eq. 2.129 is used to find a path to the minima, however the blue path
finds a local minima at f(—3.17, —=7.81) = —87.29 while the red path finds
the global minima. This limitation of the gradient descent method should
be kept in mind when it is applied to the inverse design of photonic systems.
While simple, applying this gradient descent optimisation to photon-
ics problems can be challenging. To see why, say we would like to de-
sign a dielectric structure that increases the emitted power of a small dipole
emitter with polarisation p at location r,. Introduced in Section 2.4, the
emitted power of a small dipole emitter can be characterised by the Pl-
DoS. To increase the emitter power we seek to maximise the PLDoS at the
location of the emitter. The figure of merit for this problem is therefore
F «Im [p* - E(r4)]. Our aim is to maximise this function with respect to the
design parameters, which here is the permittivity distribution. The figure of
merit here is a functional F[e(r)], a function of a function, nevertheless we

can write the gradient descent for this problem as
e(r) T = ¢e(r) 4+ Ve F, (2.131)

where V, denotes the gradient of the figure of merit with respect to the per-

mittivity distribution. Evaluation of this gradient is challenging. To attempt
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to make progress, one could apply the chain rule, giving

_ OFOE

VeF = 22— (2.132)

The first of these derivatives 0. /dE can be easily evaluated, but evaluation
of the second is not trivial. There are two strategies one could use to find the
second derivative. Firstly, one could break up the dielectric structure into
‘pixels’, change the permittivity at each pixel and see how the field changes.
This would allow one to build up the derivative bit-by-bit, however each
pixel would require a full-wave simulation making this approach very slow.
A far more efficient method, requiring only two simulations to find the en-

tire gradient has been developed in recent years: the adjoint method.

2.9 The Adjoint Method

Originally developed in structural mechanics [74], the adjoint method has
been widely applied to design a huge range of photonic devices in recent
years [75, 76]. The adjoint method provides a very efficient way of deciding
where to change a dielectric structure in order to increase a given figure
of merit. In this section we derive the key results of the adjoint method,
remembering that our overall aim is to find the derivative %—J:.

We begin from the vector Helmholtz equation for the electric field E(r)
and a permittivity distribution ¢(r), that was derived in Section (2.2) (c.f.

(2.46)),
V xV x E(r) —Kke(r)E(r) = 0. (2.133)

Next, we apply perturbation theory to see how a small change in the per-
mittivity e(r) — &(r) + de(r) changes the field E(r) — E(r) + dE(r). We

find, to leading order, that the change the the field obeys the same vector
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Helmholtz equation as before, with the addition of a source term produced

by the change in permittivity
V x V x 6E(r) — kke(r)dE(r) = kjde(r)E(r). (2.134)

As discussed in Section 2.3, inhomogeneous linear differential equations can
be solved using the Green’s function, converting the differential equation

into an equivalent integral one
SE(r) = K2 / Pr'G(r,v")5e(r) ) E(r'). (2.135)

Progress can be made by choosing a form for the perturbation to the per-
mittivity: we change the permittivity at only a single point r; by an amount
Ae. This means we can write de(r) = Aed(r — r;), making the evaluation of
the integral trivial

SE(r) = K3G(r, 7)) AeE(r;). (2.136)

Now returning to the physical problem of interest, enhancing the emit-
ted power of a dipole located at r,, we can write down our figure of merit

as
w

=3

Im [p* - E(r)]. (2.137)

Expanding the figure of merit to first order under small changes in the field
E(r) — E(r)+ dE(r) and substituting in the connection between a change

in the field and a change in permittivity (2.136), we find

5F = %Im [p* - 6E(r,)], (2.138)

_ wk3Ae
2

Im [p* - G(r,7i) - E(r;)]. (2.139)
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Figure 2.10: An example application of the adjoint method to increase the
emitted power of a small dipole. Beginning from the permittivity structure shown in
a), the dipole emitter produces the field shown in b). Iteratively applying 2.143 to
update the permittivity, with the first step shown in c), the power enhancement is
shown in d). The resulting graded index structure is shown in e), along with the
optimised field in f). Comparing the initial field b) with the final field f), a clear
enhancement at the emitter can be observed.

It does not look like we have made much progress, as we must still evaluate
the Green’s function for every single r; we would like to change. However,

we can use the reciprocity of the Green’s function G(r;, ;) = G (rj,7;) to

re-write the expression as

k2 A
sF =" ! “Im [E(r;) - G(ri, ) - p*], (2.140)
= Aelm [E(ri) ) Eadjoint(ri)} 7 (2-141)

where we have defined the adjoint field as

o *
Eadjoint(r) = TG<"°/ ) P (2.142)



60 Chapter 2. Background Theory

This can be interpreted as the field due to a point source at r, with a polari-
sation conjugate to that of the source we are trying to enhance. The adjoint
field can therefore be interpreted as the ‘time reverse’ of the emitted field.
Dividing through 2.141 by Ae, we find that the gradient of our figure of
merit is nothing but the dot product of the forwards field and the adjoint

tield

aais: =1Im [E(r;) - Eagjoint(7i)] , (2.143)
evaluated at the positions we would like to change the permittivity at r;.
This means that to find how to change the permittivity, instead of need-
ing many simulations we require only two. One to find the forwards field,
with a source of polarisation p and another to find the adjoint field with a
source of polarisation p*. The gradient can then easily be formed, and gradi-
ent descent optimisation used. An example of applying the adjoint method
to enhance the power emission of a small dipole is shown in Figure 2.10.
We begin from an initial permittivity distribution, shown in Figure 2.10 a),
where the emitter is polarised in the y direction and denoted by a red arrow
at the origin. The initial forwards field is shown in Figure 2.10 b). One can
calculate both the forwards and adjoint fields, then form the dot product
that gives the gradient, shown in Figure 2.10 c). In the regions shown in red,
the permittivity should be increased and in the regions shown in blue the
permittivity should be decreased, in order to increase the figure of merit.
Repeating this, the emitted power of the dipole is increased as can be seen
in Figure 2.10 d). The final permittivity distribution is shown in Figure 2.10
e) along with the field in Figure 2.10 f). The enhancement of the emission is

evident in the field.
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210 Summary & Conclusions

In this introductory chapter, we have given an overview of the wave equa-
tion in physics, noting that wave phenomena are ubiquitous and that the
theoretical framework describing very different physical situations is re-
markably similar. Throughout the thesis, analogies between wave behaviour
in acoustics, electromagnetism and quantum mechanics will be exploited
to develop new techniques and draw comparisons between seeming unre-
lated physical phenomena. Particular focus was placed on electromagnetic
waves, their emergence from Maxwell’s equations and certain interesting
limiting cases such as the Helmholtz equation if we choose to work at a
single frequency. Next, the solution of inhomogeneous equations using the
Green’s function approach was developed and the Green’s functions for the
vector and scalar Helmholtz equation were derived. We noted in particular
the expression of reciprocity in the Green’s function. Swapping the posi-
tion of a source and detector of waves does not change the fields, thus the
Green’s function is symmetric under such an interchange. Having devel-
oped a way of solving the wave equations for a given source, we proceeded
to derive a simple model for the kind of source we will be interested in: a
dipole. This is a common, simple, model for an antenna. By analogy with
Fermi’s Golden Rule, we also introduced the concept of the Local Density of
Optical States (LDOS) to describe the number of states into which an emit-
ter may radiate. As noted by Purcell, one way to modify the LDOS is to
change the photonic environment. Much of the work in this thesis will in-
volve placing scatterers around emitters to change the radiation properties.
We therefore introduced Mie theory as a model for the properties of a single
isotropic spherical scatterers. Considering then the effect of many such scat-

terers, the discrete (or coupled) dipole approximation is formulated. After a
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brief review of metamaterials and methods for designing them for specific
applications, we introduced the adjoint method. The adjoint method is a

flexible and efficient tool for designing metamaterials.
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Chapter 3

Designing Uni—-functional Devices

“Talking nonsense is the sole privilege mankind possesses over the other
organisms. It's by talking nonsense that one gets to the truth! I talk nonsense,
therefore I'm human” — Fyodor Dostoevsky, ‘Crime and Punishment’

The results of this chapter have been published in:

* J.R. Capers, S. ]. Boyes, A. P. Hibbins and S. A. R. Horsely “Designing
the collective non-local responses of metasurfaces” Commn. Phys. 4

209 (2021)

¢ J. R. Capers, S. J. Boyes, A. P. Hibbins and S. A. R. Horsely “Design-
ing metasurfaces to manipulate antenna radiation” Proc. SPIE 12130,

Metamaterials XIII, 121300H (2022)
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Designer manipulation of electromagnetic radiation is key a to huge
range of emerging and developing technologies, from sensing and optical
computing, to next-generation communications and stealth. One way to
manipulate radiation is using materials structured at the sub-wavelength
scale: metamaterials. However, metamaterials typically have a very large
number of geometric parameters that can be tuned to achieve a given scat-
tering effect, making the modelling and design process extremely chal-
lenging. Existing design paradigms rely on either limiting approxima-
tions or numerically demanding full-wave simulations. In this chapter,
we derive a semi-analytic method for designing metamaterials built from
sub-wavelength magnetodielectric scattering elements. We then apply
this to a large range of problems, manipulating the near and far-field of

small sources as well as shaping plane waves.

3.1 Introduction

The emission properties of electromagnetic sources are not determined only
by the geometry of the source. The photonic environment also affects how
an emitter radiates. This effect was first noted by Purcell [77], who realised
that atoms in a cavity had a different decay rate to atoms in free space. By
changing the availability of the modes the emitter can radiate into, the cav-
ity modifies the rate of emission. Drexhage observed that the decay rate of
an emitter above a mirror varies based on the distance between the emit-
ter and the mirror [30]. He understood this as a simple interference effect.
The reflections from the mirror have a certain phase when they reach the
source, which depends upon the distance from the emitter and the mirror.
When the reflections are in phase with the emitter, the decay rate is en-

hanced and when the reflections are out of phase emission is suppressed.
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This interference effect is not unique to electromagnetic waves, having also
been observed for acoustic sources [78].

Modifiying the environment around an emitter to change its properties
was known in the antenna community long before Purcell’s observations.
Invented in 1926, the Yagi-Uda antenna [79] exemplifies this idea. Con-
structed from a small number of metal rods, the Yagi-Uda antenna has a
single driven element with a longer reflector behind it and several rods of
decreasing length in front of the emitter. The result of this arrangement is a
very strongly directional beam in the forwards direction. Since it is excep-
tionally simple to make, the Yagi-Uda antenna is widely used for broadcast
TV reception. In recent years, with advances in nano-fabrication technol-
ogy, common microwave or radio-wave antenna designs have been con-
structed on the nanoscale to manipulate light. Both the bow-tie antenna
[80] and the Yagi-Uda antenna [81] have been realised on the nanoscale.
Such plasmonic nanoantennas [82] hold great promise for on—chip optical
technology and optical computing.

Greater control over the emission properties can be obtained through
greater control over the structure surrounding the emitter using, for ex-
ample, metamaterials. For a periodic metasurface made of electromagnetic
dipoles, the usual Drexhage oscillations can be observed but are phase shifted
[83]. Many features of emitters can be engineered by embedding them
within [84] or on top of [85] metamaterials. For example, in a band gap,
there is no radiation at all [84]. Switching mechanisms can be employed to
adjust the coupling between emitters and the Mie resonances of the meta-
surfaces to allow tuneable emitter properties [85], useful in a wide range of
optical devices. These approaches allow for directional and spectral shaping

of light emitters [86, 87].
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To achieve more exotic near—field manipulations, more complex geome-
tries must be placed around the emitter. Design of such geometries is often
facilitated using the adjoint method [75, 76], to find geometries of dielec-
tric that manipulate the source radiation in several interesting ways. For
example, cavities that enhance the efficiency of small emitters by factors of
thousands have been designed at optical wavelengths [88] and realised at
microwave frequencies [89]. Many quantum properties of emitters can also
be engineered [90], such as coherence [91] and energy transfer [92], by struc-
turing dielectric around an emitter. As well as the adjoint method, genetic
algorithms are a well used design paradigm. For example they have been
used to design disordered materials that enhance the decay rate of emitters
[70, 93, 94], and to design highly directional antennas [95, 96].

While great progress has been made on the design of metamaterials
that manipulate source properties, existing methods still have several draw-
backs. Graded structures designed by algorithms can have very fine fea-
tures [88] that can be difficult to manufacture. Genetic algorithms are very
effective at designing disordered metasurfaces, however their operation and
resulting structures can be difficult to interpret [69] using physical intuition.

In this chapter, we present a method for placing small dipolar scatter-
ers around an emitter to change how it radiates. This is shown schemati-
cally in Figure 3.1. Considering an emitter near an array of initially periodic
scatterers, Figure 3.1 a), we aim to find how to change the locations of the
scatters to manipulate the radiation in a particular way. The scatterers them-
selves are taken to be silicon spheres of radius 65 nm so that their scattering
properties, Figure 3.1 b), can be extracted analytically. Beginning with the
prototypical problem of enhancing power emission, we derive both a de-
sign methodology, shown schematically in Figure 3.1, along with an accom-

panying interpretation framework. We then consider engineering both the
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Figure 3.1: The system considered in our numerical examples. A schematic of
the problem is shown in (a). A dipole emitter with polarization p is located at r'. This
generates source fields (E;s, Hs), which are scattered by N silicon spheres located at r,.
The scatters have optical properties shown in (b). The scatterers are assumed to be
isotropic silicon spheres of radius 65 nm, with the frequency dispersion of the
polarizability extracted from experimental data [97]. A simple example of the design
process is shown in (c). The power emission of the emitter (red arrow) is enhanced by
iteratively moving passive scatterers (black dots) from their initial positions (left) to
some optimised positions (right). Colour plots show Im[E(r) - p], which when
evaluated at the emitter's location is proportional to power emission. The enhancement
of this quantity at the location of the emitter is evident.

near and far—field of the emitter, manipulating directivity, coupling to other

nearby emitters and lensing.

3.2 Designing Scattering Properties

The aim is to now find a way to choose the distribution of the scatterers {7, }
to achieve a desired wave-scattering effect. We consider choosing an initial
distribution of scattterers and ask “how should the positions be changed to
increase a particular figure of merit?”. To answer this, we employ perturba-
tion theory to find how a small change in the position of a scatterer changes
the fields. This approach is similar to that of the adjoint method, described

in Section 2.9, where the effect of a small change in the spatial distribution



68 Chapter 3. Designing Uni—functional Devices

of the permittivity was considered. We work in our dimensionless system
of units and begin by considering only the electric field and scatterers with

apy = 0. As in Section 2.6, we consider the governing equation
V x VX E—ZE = jsource(r) + EP(r), (3.1)
with the polarisation density given by
P(r)= ;aEE(r)é(r —7y), (3.2)

where 7, is the location of the scatterer, and jsource is the source current,

which generates the incident electric field. Writing the dipole moment as

p— / dVP(r), (3.3)

our aim is to find how the polarisation density is changed when a scatterer
is moved by a small amount. To this end, we proceed in a similar fashion
to how one derives the multipole expansion [41, 42], Taylor expanding the

delta function as
O(r—ry—0ry) =6(r—mry) + (0r,-V)o(r—ry) +.... (3.4)

The polarisation density now has two parts: the first is the usual polari-
sation density of a dipole scatterer; the second is the small change in the

polarisation density due to a small change in the scatterer location

P=1 U AVarE(r)s(r =) + [ dV(ory- Vo(r —r)arE(r)| . 35)
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To deal with the second term, we note it is a property of the derivative of

the Dirac—delta function [98] that

£ Lo ) = o) P, (3.6)

which can be proven by integrating by parts as

(o]

d
O(x —x )dxcp(x)dx.
(3.7)

[ 90 80 xyix = p)s(x - 3|7, - [
The boundary term is zero as the delta function evaluated anywhere other
than x = x’ is zero, leaving only the final term. Utilising this, the polarisa-

tion density is therefore
P(r) = Z(S(r —ry) [agE(r) — agdr, - VE(r)]. (3.8)
n

Provided we choose dr, < 0, we can treat the change in polarisation den-
sity perturbatively. Inserting this into (3.1), then solving by integrating the

source terms against the Dyadic Green’s function, we find that

E(r)+0E(r 262 (r,rn)apE(ry,) — G(r,ry)agdr, - VE(ry,)].
(3.9)
So, the change in the electric field due to the change in the location of a
scatterer is

SE(r) = —EG(r,ry)apdr, - VE(ry). (3.10)

Considering next a scatterer with ag = 0 and ay # 0, the governing
equation is

V xV xE(r)—kKE(r z§ZV><M (3.11)
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and the magnetisation density is
M(r) =) ayH(r)s(r —ry). (3.12)
n

As with the electric case, we consider the total magnetic dipole moment and

expand the delta functions to find

m=), [/ dVapH(r)o(r —ra) + /dV(érn -Vo(r —r))apH(r)| .
n
(3.13)
Integrating by parts to move the derivative from the delta function onto the

tield, we obtain the modified magnetisation density
M(r) =Y 6(r —ry) [agH(r) — aydr, - VH(r)]. (3.14)
n

Using this as a source term in (3.1), we can find the change in the field due

to a small change in the position of a magnetic scatterer to be

SE(r) = =Y itGgn(r,mn)opdry, - VH (ry). (3.15)

n

Therefore, the total change in the electric field due to a magnetodielectric
scatterer being moved by a small amount is just the sum of (3.10) and (3.15),

giving

SE(r)=-)Y_ [CzG(r, ry)apdry, - VE(ry) + ilGey(r, ry) agdry, - VH(rn)] .
(3.16)

Using identical arguments, the change in the magnetic field is

SH(r) = — Z [ézG(r,rn)aH(Srn -VH (ry) —i€Ggy(r, ry)pdry, - VE(rn)] )

(3.17)
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These expressions can be used to find how changing the location of a
scatterer affects a given figure of merit, which is a functional of the field
configurations F[E, H]. Moving one scatterer produces a small change in
the fields at every point in space, which in turn changes the figure of merit

by a small amount
F|E,H| - F[E,H|+0F|E,H,0E,jH]. (3.18)

The change in the figure of merit is linear in d7;,, so once we have derived the
analytic expression for 6 F it can be used to find an expression for a ér, that
leads to an increase in the figure of merit. Expressions for 6  can be derived
in the same way as in the expressions for the change in field were derived.
Into the analytic expression for the figure of merit, we substitute E — E +
0F and H — H + 0H, where JFE and JH are given by (3.16) and (3.17).
Dividing the resulting expression through by dr; gives the gradient of the
figure of merit with respect to the positions of all of the scatterers. In this
way, we can begin from an initial distribution of scatterers and iteratively
calculate the set of moves for each scatterer {ér, } that increase the figure of
merit.

To illustrate how these expressions can be used, we consider trying to
enhance the emitted power of a small dipole emitter with polarisation p at

osition r’/. Our figure of merit is
g

P=—2Im[p" B(r')]. (3.19)
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Figure 3.2: A simple example optimisation. The aim is to enhance the emitted
power of the dipole emitter at the origin (black arrow). We consider two scatterers,
labelled A and B, that support only an electric dipole (xg = 0). (a) shows the
configuration change during the optimisation, with the colour indicated Re[E,]. (b)
shows the evolution of the power emission.

To find the gradient of this figure of merit with respect to the locations of all

of the scatterers, we expand it under small changes in the fields

P4 oP = —%Im [p* - (E(r') + 6E(r"))], (3.20)

6P = —Im [p* - SB(r")] (3.21)

Into this, we substitute the expression connecting the change in the field to

a change in the position of a scatterer

SP — glm [p* . {ng(’r, ry)agdr, - VE(ry,)
> (3.22)

+ iCGep(r,rn)agdr, - VH (ry)}] .
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Dividing through by J7;,, we arrive at the gradient of the figure of merit

with respect to the position of all of the scatterers

VP = %Im [p* : {ng(r, rn)apVE(ry,) +ilGey(r, frn)aHVH('rn)H :
(3.23)
This gradient can be used to update the positions of all the scatterers to in-
crease the figure of merit using simple gradient descent optimisation, given
by
ritl =l 494V, P, (3.24)

where 7 is a small step, chosen so that the change to the fields can be con-
sidered a small perturbation. We find that the choice of y ~ A /500 provides
a good balance between convergence and computation time. Similarly to
the adjoint method, our technique gives us a way to update the position of
all of the scatterers at the same time, making it very efficient. Furthermore,
only the derivative of the field is required not the derivative of the figure of
merit.
An example of using this framework to place two electric scatterers (ay =

0) around an emitter to enhance its emitted power is shown in Figure 3.2.
The two scatterers, labelled A and B start in positions indicated by the blue
dots and are shifted to the locations indicated by red dots. Power emission
is enhanced by 16% , although it is clear that this is a local minimum mean-
ing that another choice of initial condition could yield a better result. As
was discussed in Section 2.8, this is a feature of gradient descent optimi-
sation. Before proceeding to design more complex structures, we continue
with this simple example and develop some tools that can be used to better

understand the disordered structures we will design.
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3.3 Understanding Scattering Structures

We consider what information can be extracted about the scattering sys-
tem from the analytical formulation. Having the mathematical framework
provided by the discrete dipole approximation, derived in Section 2.6, from
which information can be extracted sets this method apart from design meth-
ods based on genetic algorithms or machine learning. While powerful, these
techniques offer no physical insight into the disordered scattering system.
The key object that characterises the system of scatterers is the interaction
matrix, R. All multiple scattering effects within the system are encoded
within this matrix. To illustrate the physical meaning of the R matrix, we
consider the simplest possible case: two scatterers with only an electric po-
larizability (e = 0). In this case, the response matrix connects the fields
due to the the source, (E;s, Hs), to the dipole moment induced in the scat-

terers p as,

-1

p(r1) . 1 —&G(r,m) - af Es(r1)
= af - )
p(r2) —82G(ry,m) - o 1 E(r2)
(325)

The eigenvalues of R™! satisfy the characteristic polynomial

AT =14 /[2G(ry,m2) - ] [B2G (12, m1) - axg). (3.26)

This is exactly the same as (2.119) in Section 2.6, although we have used
the fact that p = agFE to re-write the left-hand side in terms of the dipole
moment rather than the field. Making use of the reciprocity of the Greens

function [24], we see that the two terms under the square root are identical.
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Therefore, the eigenvalues of R can be written down immediately

_ g QE
A = diag { 122G (ry, ) -z } . (3.27)

One way to interpret the terms of (3.26) are as multiple scattering events
between scatterer 1 and scatterer 2. An interaction between the two electric-
dipole scatterers is comprised of scattering from 7 to r,, then back again.
This is what is expressed by the product of the Green functions in the dis-
criminant of the characteristic equation (3.26). This understanding can be
extended to more electric scatterers, and also scatterers with both electric
and magnetic dipoles, whence more complex scattering processes become

available. However, this interpretation is still evident in the form of the
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characteristic polynomials. For example, for just two electromagnetic scat-

terers (g, ooy # 0), the characteristic equation is

(1-2)*

+(1-7)2 [G(rl,rz)szG(rz, ) apct

—G(r1,7m)ayG(ry, 7 )apé?

(r1,71)

—Gen(r1,m2)agGen 7"2,7‘1)06HC2

—Gen(ry, r2)agGey(r2, 71)aES

—Gen(ra, r2)apGep(ra, r2)ang }

+ (1= A) | =G(r1, r2)aGen(r1, m)arGen (2, m1)an g
—G(r1,m2)agGep(ra, 1) apGep (r2, m2)apé?
—G(r1,m2)apGen(r1,71)anGep (2, 1) apd?
—G(r1,m2)apGen (12, 71)anGep (T, r2)apd*+

G(r2,71)apGen(r1,m1)apyGep (e, r2)apdt (3.28)

+G(ro, 1)agGep(r1, 72)aGep (12, 72) g

—G(ry,m1)agGen (1, 7)apGeg (11, 7)) a g &

_G(TZzTl)“HGEH(leTz)“EGEH(TZz""Z)‘XHCﬂ

— G(ry,m2)aeG(r, m2)agGey (2, 71)agGeg (12, 71 ) E°

(r1,7m2)
(r1,7m2) ) (r2,m1)
— G(ry,m2)aeG(ry, 71)agGey (11, 71)agGeg (12, 72 ) E°
+ G(r1,m2)agG(ry, r1)apGep (r1, m1)agGep (ra, 72 ) a g &8
+ G(rp, m)apG(ry, m)aygGey(ry, r2)arGey (1
(r1,71) (r1,m1)anGep (ra, 72)0EGEp (12, 72) 60 G
— Gey(r1, m)apGeg(r, 72)agGeg (2, 71)agGeg (12, 72 ) ap g
(r1, 1) (r2, 1)
(r1,72) (r2,71)

— Gey(ry,r1)agGeg(ry, 72)apGey (12, 71)agGeg (12, 72 ) &
( )

4
r2,71)0gGeg (T2, 71 ) HE
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While this is much harder to interpret, we can see that if we set ay = 0, the
purely electric case is retrieved.

Additionally, the terms can be interpreted physically:
—G(r1,m2)agG(ry, 1 )a gl represents magnetic scattering between the two
scatterers. Terms of the form —Ggy(ry, m2)apGey(r2, r1)ayc?, read from
left to right, indicate a magnetic field applied to scatterer 1 being scattered as
an electric field, before being re—scattered as a magnetic field from scatterer
2. In what follows, we will consider the magnitude of the eigenvalues rather
than the characteristic polynomials, due to their complexity, however all of
the wave physics of the system is buried within these objects. Interestingly,
scattering systems can also be understood using graph theory approaches
[99]. This approach scales more conveniently than attempting to examine
the characteristic equation directly.

Combining the fact that eigenvalues of the interaction matrix R contain
information about the collective response of the particles with the expres-
sion for the eigenvalues (3.27), the value of eigenvalue itself can be inter-
preted as the collective polarizability of the two scatterers. The eigenvalue
itself, A, can be viewed as the enhancement to the single scatterer polar-
izability due to multiple scattering effects. It is a dimensionless number
that characterises how strongly interacting the system is. Therefore, aEl A
gives the enhancement of the single particle polarizability due to the multi-
ple scattering events between the two scatterers. So, if aEl - A = 1 there is
no change to the single particle polarizability and multiple scattering events
provide no enhancement. On the other hand, a large ;! - A corresponds to
a large enhancement to the response of a single scatterer, due to collective
behaviour.

Additionally, the eigenmodes of the interaction matrix R represent con-

figurations of field that produce a certain collective response of the system.
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As R has no symmetries these eigenvectors do not form an orthogonal basis
[100, 101], although the left and right eigenvectors of R do. Right eigenvec-

tors are defined as satisfying

Rw, = Aw,y, (3.29)
and left eigenvectors can be defined as satisfying

v R = Ayvl, (3.30)

where "t” denotes the conjugate transpose (adjoint) of the vector. To see that

these form a basis, we multiply the first by v}, and the second by wy, giving

'v?; Rw, = )\n'v;,riwn, (3.31)

'v,LR'wn = Amv:;wn. (3.32)
For these to both be true, we require that
v wy = . (3.33)

In other words, the left and right eigen—vectors are orthogonal. Using a left
and right pair, the source field can be decomposed into the basis of these
eigenvectors, wy, as

(Es, H,)" Z CnWry, (3.34)
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where N is the number of scatterers and ¢, is a complex expansion coeffi-

cient. To find c,,, we multiply each side of (3.34) by v},

t (B, Hy)T Z AR (3.35)
= Z CnOnum (3.36)
n=1

The expansion coefficient ¢, indicates which eigenmodes contribute most
strongly to the response of the system. Identifying these modes allows the
response of the system to be understood and characterised by examining
only a few eigenmodes, rather than the whole expansion (3.34). The expan-
sion coefficient is a useful tool in characterising the response of the system.
From this decomposition, one may find which modes are excited and how
strongly so that the dominant scattering response of the system may be iso-
lated and examined.

To demonstrate the utility of the eigenvalues of the interaction matrix
and the expansion coefficient, we apply this framework to the simple scat-
tering structure shown in Figure 3.2. Our aim is to gain insight into the
optimisation procedure by considering i) the shapes of the eigenmodes of
the interaction matrix, and ii) how the dominant modes change over the
optimisation, characterised by the expansion coefficient. The modes of the
two—scatterer system are shown in Figure 3.3. The labels "A” and ‘B’ identify
the scatterers and the modes are plotted as vectors indicating the direction
of the electric field (equivalently, dipole moment) of each scatterer. Modes
where the fields of the two scatterers are in the same direction are symmet-

ric and are coloured red, while modes where the fields are not in the same
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Initial Modes
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6
EZ Ey EZ Ey EZ Ey EZ Ey EZ Ey EZ Ey
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Figure 3.3: Eigenmodes of the simple example optimisation. Note the two
classes of mode: anti-symmetric (i.e. initial mode 1) shown in blue and symmetric (i.e.
initial mode 2) shown in red. Eigenmodes are indicated as pairs of 3D vectors,
representing the components of the electric field in each scatterer.

direction are antisymmetric and are coloured blue. Magnitudes of the eigen-
values associated with each mode |A| are also indicated. We observe that the
optimisation has little effect on the character of the modes. Before and af-
ter the optimisation there are 3 symmetric and 3 anti-symmetric modes and
their associated eigenvalues are unchanged. This is not very surprising, as
the configuration of the scatterers does not change drastically over the opti-
misation. If we look at the change in the expansion coefficients of the modes,
shown in Figure 3.4, we see that which modes are excited changes. The ef-
fect of the optimisation is to promote excitation of the symmetric modes,
with their expansion coefficients increasing while anti-symmetric modes

are not excited. Enhancement of the coupling between the emitter and the
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Figure 3.4: Demonstration of how the optimisation process changes the
relative dominance of the modes in the response of the system, as
characterised by their expansion coefficient.

symmetric modes of the systems is the mechanism for the power enhance-
ment. The magnitude of the enhancement is relatively small since the mag-
nitude of the eigenvalues associated with modes 2 and 4 is very close to
unity, meaning that the collective response of these modes is small (i.e. the
scatterers are weakly coupled). We might predict, then, that modes with
larger |A| exhibit larger collective properties and if one could couple into
such a mode a greater power emission enhancement could be achieved.

This discussion indicates two key ways we can understand how the op-
timisation procedure achieves the goals it is given. Either the character of
the modes themselves could be changed, or which modes are excited could
be modified, or both. These simple tools will be useful when we turn to the
analysis of more complex structures.

In the next few sections, we will deploy our iterative framework and the

associated elucidative tools to address some common antenna problems.
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Figure 3.5: The result of applying our design methodology to enhance emitted
power of a dipole using 100 scatterers. In all plots, scatterers are shown as black
circles and the dipole emitter as a black arrow. (a) Shows the § component of the
electric field in the initial configuration, (b) shows the progress of the power
enhancement as the optimisation progresses and (c) shows E, in the optimised
configuration. (d) shows how the eigenvalues and expansion coefficients change due to
the optimisation. (e) and (f) show Re[E,] of the mode with the largest expansion
coefficient in the initial and optimised structure respectively. The final mode, plotted in
(f), with eigenvalue ~ 8 and expansion coefficient ~ 0.5 is responsible for the power
enhancement.

3.4 Example: Emitted Power

The first problem we apply our method to is improving the emitted power
of a small dipole emitter. In the context of antennas, this is useful as minia-
turisation of antenna is well known to reduce their performance. We use pa-
rameters from optics, however our approach is length-scale agnostic, and
will be demonstrated in other wave regimes later in the thesis. Working at
a wavelength of 550 nm (green light), the scatterers are modelled as silicon

spheres of radius 65 nm. For this choice of scatterer, the polarisability tensor
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is diagonal, due to the isotropy of the scatterer, and can be found analyti-
cally from Mie theory. We start from an arbitrary initial distribution of scat-
terers, shown in Figure 3.5 (a), then apply the method we have developed
to re—distribute the scatterers to enhance radiated power.

The results of this are shown in Figure 3.5(a-c), with the progression of
the eigenmodes shown in Figure 3.5(d). An arrangement of the 100 dipo-
lar scatterers has been found, using our proposed framework, to provide a
factor of ~ x4.5 enhancement of the power emission of the dipole emitter.
This factor of enhancement is far smaller than can be achieved with 3D bulk
structures [88, 89], but is of the order of studies with similar assumptions
and constraints but which use genetic algorithms [70].

While the structure we have designed seems disordered, we can utilise
the tools we have developed in the previous section to gain to insight into
the device. Beginning by considering the change in the character of the
eigenmodes of the interaction matrix, we compare the mode with the largest
expansion coefficient before the optimisation, Figure 3.5(e), and after the op-
timisation Figure 3.5(f). Two key qualitative features of modes that enhance
power emission can be determined. Firstly, the mode has a large eigenvalue
corresponding to a large collective response of the scatterers. Secondly, this
mode also exhibits a strong localisation at the location of the emitter. Clearly,
this mode and the field from the dipole have a large overlap, expressed by
the large expansion coefficient of the mode shown in Figure 3.5(f). The large
collective response of the scatterer system, as well as being strongly coupled
to the emitting dipole’s field, leads to the enhancement of power emission.
While not extremely surprising, these conclusions apply to a very wide va-
riety of photonic structures designed to enhance power emission [88, 89,
102].

The results presented in Figure 3.5 also show the strength of designing
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aperiodic structures, rather than being limited to periodic ones. Design of
aperiodic structures benefits from an improved exploration of the parameter
space due to the removal of the restriction to periodic solutions. While it has
been demonstrated that periodic structures can enhance antenna radiation
[83], more compact and better performing solutions can be obtained with
aperiodic structures, as we have demonstrated in Figure 3.5. The problem of
antenna emission is not periodic, so one should not expect an emission en-
hancing structure to be periodic. To find an optimal, or even well perform-
ing, solution one is forced to consider aperiodic structures. Indeed, the bow-
tie shape of the structure shown in Figure 3.5(c) is consistent with structures
designed to enhance dipole radiation using genetic methods [102], simple
phase arguments [88] and even the widely used bow-tie antenna [5]. The
resulting structures have the same symmetry as dipole radiation: they are
left-right symmetric, but not periodic. To further accelerate our method, one
could impose the symmetry of the problem upon the solution. Such a con-
straint would be useful when designing metasurfaces with very large radius
~ 1004, as only half of the field gradients would need to be calculated [103].
The additional parameters available to optimise when designing aperiodic
structures can present a challenge for traditional methods based on gradient
or look-up methods. However, in the method we have proposed, these ad-
ditional degrees of freedom can be optimised while keeping the numerical
problem efficient.

We now consider the bandwidth and sensitivity to perturbations of the
structure we have designed. In Figure 3.6, we plot the power emission of a
dipole in free space, governed by the Larmor equation [14]. Also plotted is
the power emission of the dipole surrounded by the disordered structure we
have designed, shown in black. The peak in power emission occurs at 550

nm, with a bandwidth of +5 nm. The narrow bandwidth is due to the fact
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Figure 3.6: Bandwidth of power emission structure. Structure is shown inset, with
scatterers as black dots and emitter as red arrow. For scale, three wavelengths are
shown. The emitted power of the structure is compared relative to the emission in free
space, given by Larmor's formula. A clear peak in performance is located at 550 nm,
with a bandwidth of ~ 5 nm. An estimate for the upper and lower bounds on
performance due to randomly shifting all scatterers by A /10 is shown by the red region.
that power has only been optimised at a single wavelength, as well as the
dependence of the enhancement upon interference effects of the scatterers.
The delicacy of the interference effects is also evident from the impact small
random perturbations have upon performance. Under random moves of all
scatterers by a maximum of A/10, the change in performance is indicated
by the red band shown in Figure 3.6. Two features are of note. Firstly, the
change in performance due to all of the scatterers being perturbed is pro-
nounced, particularly at wavelengths < 600 nm. The power emission peak
at 550 nm is smeared over a wider band and reduced by 20% in the best
case (upper red line in Figure 3.6) and destroyed completely in the worst
case (lower red line in Figure 3.6). Secondly, applying random perturba-
tions does not lead to an increase in power emission at 550 nm. This implies

that our optimised solution is a local minima, so small random changes do

not improve the design.
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Figure 3.7: Re-structuring the far—field of a dipole emitter to radiated power in
a particular direction. (a) shows |E| for the initial configuration (regular array),
viewed from the far-field. (b) shows a comparison of the far-field distribution of the
Poynting vector for the initial configuration (black dashed line) and the optimised
configuration (red line). All far-field distributions are normalised to have unit amplitude.
The width of the beam in the optimised structure is ~ 20°. (c) shows | E| of the
optimised structure, viewed from the far-field. The initial and final scatterer locations
are shown in (d), and the change in eigenmodes and their expansion coefficients over
the optimization are shown in (e). The evolution of the properties of the eigenmode
with the largest expansion coefficient is shown in (f-i). Both the distribution of E, in
the plane of the scatterers and the normalized far-field Poynting vector are shown. (f-g)
show the mode with the largest expansion coefficient in the initial structure, with (h-i)
showing the mode with the largest expansion coefficient in the final structure. It is clear
that the mode shown in (h-i) is responsible for the strong directivity along 8 = 0° in the
optimised structure.

3.5 Far-field Beam

In the previous section, we demonstrated the ability of our method to ma-
nipulate the near—field of a small emitter. Next, we demonstrate the ability
of our method to manipulate the far-field of an emitter. To do this, we take

our figure of merit to be the modulus of the electric field at some target angle

0, in the far field

F=|E@6,)| = /E*(6.) - E(6.). (3.38)
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To find, analytically, the gradient of this we expand the figure of merit under

small changes in the fields

F+0F = \/(E*(8,) + 6E*(6.)) - (E(8,) + 6E(6,)) (3.39)

_ \/|E(9*)|2 + E*(0,) - 6E(0,) + E(6,) - SE*(8,) + O (S E?)

(3.40)
= \/|E(6.)]2 + 2Re[E*(6.) - 6E(6.)] + O(SE?) (3.41)
B 2Re[E*(0.) - 6E(6y)]
- |E(9*)|\/1 + VCA]E . (3.42)

To linearise this, we use the fact that the change in the field dE(6,) <
| E(6,)| so the square root can be expanded in this limit. With this, the first

order change in the figure of merit is

Re[E*(6,) - 6E(6,)]

F = (3.43)
[E(6,)]
To then find the gradient, we substitute (3.16) to find
1 * 2
V, F=———Re [E (6,) - (g G(ry, 1) apVE(1y)
|E(6,)] (3.44)

+i¢Gey(ry, Tn)aHVH(""n))] .

The position vector 7, is the position in the x — y plane corresponding to
the angle 04, i.e. X, = Ty fielq COS05. Radial distance of the evaluation
plane of the far—field r¢,,_fe1q is chosen to be large, typically ~ 100A. With
this gradient, we can design structures that beam radiation into particular
directions.

In the example shown in Figure 3.7 we have sought to enhance directiv-
ity along the 6 = 0 direction. Initially, the scatterers are arranged in a uni-

form square array with near and far-fields shown in Figure 3.7 (a) and (b)
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respectively. The near and far-fields of the optimised structure are shown
in Figure 3.7 (b) and (c). There is a clear enhancement of the directivity
along the 6 = 0 direction, shown in Figure 3.7(b-c), with the beam having
a FWHM of ~ 20°. The starting and optimised scatterer arrangements are
shown in Figure 3.7(d).

As with the power emission result of the previous section, the designed
structure is difficult to interpret but by considering the eigenmodes we can
better understand how directivity can be enhanced. The change in the eigen-
values and expansion coefficients of the modes is shown in Figure 3.7(e).
The eigenvalues and expansion coefficients do not change magnitude con-
siderably as a result of the optimisation. This is demonstrated in Figure
3.7(f-i), where the leading order modes, characterised by expansion coeffi-
cient, of the system before and after the optimisation are plotted, along with
the far-field Poynting vector of the mode in each case. Both of the modes
have similar expansion coefficients and eigenvalues, but very different spa-
tial distributions. Indeed, for this application the optimisation procedure
aims to re-shape the modes rather than enhancing multiple scattering ef-
fects.

The bandwidth of the structure designed to enhance directivity along
the 0° direction, shown in Figure 3.7, is plotted in Figure 3.8. Directivity is
characterised as the fraction of power radiated into the 0° &= 10° band

0 P(6)do

Directivity = —wp— (3.45)
total

As with power emission, the directivity is strongly peaked at 550 nm, the
wavelength we have chosen to work at, but with a wider bandwidth of ~ 10
nm. To investigate the effect of disorder, all of the scatterers are randomly

perturbed by A /10 several times. The average effect on directivity is shown
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Figure 3.8: Bandwidth of directivity structure. Structure is shown inset, with the
emitter shown as a red arrow. Directivity is the percentage of power radiated into the
+10° range, shown inset as the green region with the magenta arrow indicating the
target direction. Performance is strongly peaked at 550 nm, with bandwidth ~ 10 nm.
The effect of randomly perturbing all scatterer locations by A/10 is shown as a red
dashed line. There is a ~ 40% drop in performance at 550 nm due to disorder.

as a red dashed line in Figure 3.8. The result is little change in bandwidth
but a ~ 40% reduction in performance at 550 nm. The effect of random
disorder on the radiation pattern at 550 nm is shown in Figure 3.9. The
far-field distribution of the design without any disorder is shown in black
and the bounds of the effect of random perturbations by A /10 are shown in
red. Random disorder has a very large effect on the performance due to the
dependence of the designs upon interference conditions.

The previous examples have kept the emitter and the scatterers in a
plane and focused on enginerring the effects in that plane. However, our
proposed method is fully 3D and can be used to design radiation proper-
ties in or out of the plane of scatterers as well. As an example, Figure 3.10
shows the design of a structure which enhances directivity out of the plane.
A dipole emitter is located at (0,0,A/2) and the scatterers are constrained
to the z = 0 plane, for simplicity. Using a procedure identical to that used to

design the structure in Figure 3.7, although with the target point at z — oo,
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Lo e,
v

270°

Figure 3.9: Effect of disorder on performance of beaming device. Change in
far-field Poynting vector |S| of the device shown in Figure 3.7 due to random
perturbations of the designed scatterer locations by A/10. All scatterers were randomly
perturbed 1000 times to estimate the upper and lower bounds of performance. The
black line indicates the Poynting vector for the structure with no perturbation to the
design. The red region bounds the performance when all scatterers are randomly
perturbed.

rather than x — oo, power emission out of the plane has been increased.

This is demonstrated in Figure 3.10 (c), showing the Poynting vector in the

H-plane and exhibiting a clear peak at 6 = 90°.

3.6 Discrete ‘Luneburg Lens’

Now, we shall demonstrate how the results of our optimisation procedure
may be utilised to achieve more complex functionality. By rotating the struc-
ture designed to enhance directivity, as well as the source, a device can be
constructed which has similar functionality to a Luneburg lens [104]. The
Luneburg lens is a type of circular graded index lens that converts a point
source to a directional plane wave. Rotating the point source around the

edge of the lens allows the plane wave to be directed. This functionality
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Figure 3.10: Demonstration of manipulating radiation properties out of the
plane scatterers. The setup is shown in (a). A dipole emitter (red arrow) is located
A/2 above the scattering structure. Scatterers begin in the positions shown as black
dots. The structure is then optimised to enhance directivity directly out of the plane:

z — 00. The resulting structure is shown as red dots. (b) and (c) show the change in
the Poynting vector in the E and H planes, respectively. In the E plane (b), some
re-distribution occurs although without a clear aim. However in the H plane (c), there
is a well-defined main lobe at 8 = 90°, the target direction. In addition, the back lobes
are suppressed.

is shown in Figure 3.11 (a). Luneburg lenses are used extensively on air-
craft, so these is a desire to preserve their functionality while making them
smaller and lighter. Multiplexing our result shown in Figure 3.7 to achieve a
qualitatively similar functionality, is demonstrated in Figure 3.11(b-c). One
can use the indicated structure to convert a dipole source into a beam di-
rected along a single angle. By placing the source at different locations
within the structure, with the correct orientation, the beam may be rotated.
The structure proposed in Figure 3.11(b) can be fabricated without having
to grade an index, instead 288 scatterers must be arranged as indicated.
The multiplexed device has a radius comparable to conventional Luneburg
lenses, at ~ 6A. While the fabrication is more straightforward, the angular
resolution is not continuous as for the usual Luneburg lens. Instead, an an-
gular resolution of 45° can be achieved, although by making the structure
larger a higher resolution could be achieved. By multiplexing more struc-

tures it was found that the relationship between device radius and angular
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Figure 3.11: Multiplexing the design shown in Figure 3.7 to construct a
Luneburg-like lens. (a) demonstrates the function of a normal Luneburg lens of
radius R, with a refractive index graded according to the inset equation. A point source
is converted into a beam in a single direction. (b) and (c) The result of multiplexing
the structure proposed in Figure 3.7 to produce a Luneburg—like lens with a discrete
angular resolution of 45°. By rotating the source and changing its location inside the
array the far-field Poynting vectors indicated in (b) can be observed. For example,
placing the emitter at the centre of array 2 in (b), and rotating it by 45° clockwise,
results in the far-field directivity labelled as 2 in (c).

resolution, in degrees, was well approximated by the following power law

(%) — 83.6 x resolution%%°, (3.46)

The relationship between resolution and radius is shown in Figure 3.12.

Therefore, to achieve a resolution of 2°, the device would have to be ~ 50A.
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Figure 3.12: Estimating the relationship between angular resolution of the
Luneburg lens structure and its radius.
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Figure 3.13: Designing dielectric structures that manipulate the coupling
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between two nearby emitters. Beginning from an initial distribution of scatterers,
shown in the centre panels, the update equation (3.54) is used to iteratively move the
scatterers to a) increase and b) decrease the coupling between two nearby emitters.
The change in coupling over the optimisation procedure is shown in the left—hand
panels and the optimised structure is shown in the right—hand panels. The two emitters
are shown as a magenta square and a green triangle. The polarisation of the emitters in
a) is p = & for the green triangle and p = ¢ for the magenta square, while in b) is

p = ¢ for both emitters. In both cases, the y component of the field is re—shaped by
moving the scatterers to exhibit either a null or peak at the location of the scatterer

shown by the magneta square.
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3.7 Nearby Emitters

Next, we consider designing a structure that manipulates the coupling be-
tween two nearby emitters. In the context of antennas, this is relevant to
base—stations where many emitters are close together but must not cross—
couple. On the other hand, increasing the coupling between nearby emitters
is useful for sensing applications.

For this problem, we have two sources located at r;; and 7, and with
electric polarisations p; ». Employing the coupled dipole theory elucidated
in Section 2.4, we immediately see that the source terms in Maxwell’s equa-

tions are

Es(r) = CZG(T, Ts1) - P1+ CZG(T, Ts2) - D2, (3.47)

H;(r) = —iCGgu(r,r51) - 1 —ICGEH(T, 752) - D2, (3.48)

assuming that the sources are small compared to the wavelength. The cou-
pling between the two sources is then given by the PLDoS introduced in

Section 2.4

p12 =Im [py - Ex(r1)] = Im [p; - Eq(72)]. (3.49)

where E;(r;) is the field generated by the i™" emitter, along with the scat-
tering structure, evaluated at the location of the jth emitter [105]. In this
way, p12 characterises the overlap of the fields generated by the emitters. To
design a structure that manipulates the coupling between two emitters, we

expand the figure of merit to first order under small changes in the fields at
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the second emitter

fcoupling = Im [p] - (E2(r1) +5Ex(r1))], (3.50)

5Pcouphng Im [pl OE; (rl )] (3.51)

This is exactly the same idea behind the adjoint method, introduced in Sec-
tion 2.9. Inserting the expression for the variation of the electric field (3.16),

we find

Vi, Feoupling = Zlm [pl { G(ry,rn)agVE(r,) 552

—}—igGEH(ﬁ,Tn)aHVH(TH)}] .

This gives a way of calculating a move of the n' scatterer so that the figure
of merit is guaranteed to either increase or decrease. Using gradient descent
optimisation, as defined in equation (2.129), we update the positions of the

scatterers according to
T;ﬁ‘l g T;’L :i: f)’v'rn Fcoupling/ (3.53)

where i is the iteration number. Consequently, the update to the scatterer

positions is taken to be

ory o« FIm [p{ : {CzG(rl,'rn)aEVE(rn) + i@GEH(rl,rn)aHVH(rn)}] ,
(3.54)
where the sign is determined by whether one wishes to increase or decrease
the figure of merit over the optimisation. One can understand (3.54) physi-
cally, by noting that we are calculating gradients in the polarisation density,
converting these to currents then propagating the field that these generate

onto emitter 1. The + in (3.54) ensures that the field arrives with the correct
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phase to constructively or destructively interfere. An example of applying
this procedure to change the coupling between two emitters is shown in
Figure 3.13. In Figure 3.13 (a), the coupling between an electric dipole with
polarisation p = &, shown as a green triangle, and an electric dipole with
polarisation p = {, shown as a magenta square, is enhanced. The scat-
terer positions are updated according to the upper sign of (3.54), leading to
a redistribution of the scattered field. To increase the coupling, the § com-
ponent of electric field at the location of the emitter with polarisation g is
increased. Another case of interest might be to reduce the coupling between
two similarly polarised nearby emitters. Taking the lower sign in the update
equation (3.54) and decreasing the coupling between two emitters with the
same polarisation, ¢, is demonstrated in Figure 3.13b. The scatterers are
now redistributed to place a null in the field at the location of the emitter

shown by the magenta square.

3.8 Lensing
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Figure 3.14: Designing a disordered metamaterial version of a lens. The device
focuses the energy from a plane wave to a point, shown as the red star. The figure of
merit for this optimisation is the modulus of the electric field at the target location
(3.55); a) shows the increase of this quantity as a function of progressing optimisation
and b) is the final design. A cut of the field along the blue line is given in c) showing
the narrow focus.
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We now consider the popular problem of lensing. Traditional lenses are
made by shaping glass so that light entering it acquires a particular spa-
tially varying phase offset so that it is focused to a point [106]. Much recent
work has mimicked this behaviour using metamaterials, for optical [53] and
acoustic [107] applications. Using metamaterials, rather than traditional op-
tics, has a number of benefits. For example, metamaterials can be much
thinner than glass optics making optical devices more compact. Also, much
more complicated functionality can be achieved, including multiple foci,
holograms and polarisation control [53, 64]. While not based on phase ar-
guments, our method can be employed to design structures that focus plane
waves to particular points in space, performing a similar function to a lens.
The benefit of not being limited by simple phase arguments is that more
precise control over the field can be achieved, beyond redirection.

For this lensing problem, the source fields in the solutions to Maxwell’s
equations (2.117) are plane waves, with a particular polarisation and wave-
vector. For the example in Figure 3.14, we choose a TE polarised wave with
wave-vector k = k&. The figure of merit is the magnitude of the electric

tield at the target location r,.

]:lens = |E('P*)‘ (355)

This is similar to the figure of merit of the example in Section 3.5, where
we wanted to beam into a particular far-field direction. Now instead, we
select a point near the structure as the target location so that the radiation

is focused there. The figure of merit can be expanded to first order under
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small changes in the fields as before

E(ry)| = \/E(r.) - E*(r.), (3.56)
= \/(E(r.) +0E(r.)) - (B*(r.) +6E*(r.), (3.57)
= \/IE(r.)2 + 2Re [0E(r.) - E*(r.)], (3.58)
_\E(r 2Re (SE 7'*) E*(r,)]
= A¢ P , (3.59)
Re | (SE(r*) E*( )
~ |E(ry)| + B(r)| (3.60)

Substituting the expression for the variation of the fields gives the following

change in the figure of merit Fieps

1
0Flens = m ;Re HézG(r*, rn)apVE(ry,) 6D

+ilGey(re, rn)agVH(r,)} - E*(ry)] 6ry.

As this is linear in ér,, we can choose ér, to be proportional to the expres-
sion in the square brackets for each scatterer to guarantee that the gradient
of the figure of merit has a particular sign. The result of applying this proce-
dure is shown in Figure 3.14. A structure is designed that focuses the field

to the desired location. Fitting a Gaussian of the form

_ 2
QWZAWPCy£O>+B (3.62)

to the peak, we find that the width of the focusis ¢ ~ A/3.
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Figure 3.15: The design of a metamaterial with a chosen radiation pattern. In
each case, the structure is driven by an emitter polarised along the z axis at the origin.
For each of the target radiation patterns, black dashed lines, the scatterers begin at the
locations indicated by black circles and are iteratively moved to reduce the difference
between the radiation pattern and the desired pattern (3.63). The optimised locations
of the scatterers are shown as red dots and the final radiation patterns as red lines.

3.9 Shaping the Far-field: Least Squares

The final problem we consider, is shaping the far—field Poynting vector of
an emitter. We would like |S(6)| to have a particular shape, ¢7(0) in the far-
field. Our aim is to design a scattering structure that produces a particular
|S(0)| in the far-field, defined by a target angular distribution ¢7(6). With

our framework, this can be achieved with two different figues of merit

1. The residual sum of squares between the current | S(0)| and the target
¢ (6).
2. The overlap integral between |S(0)| and ¢7(0).
These are equivalent ways of characterising how similar the two functions

are. In this section, we use the residual sum of squares as the figure of merit,

in the next we use the overlap integral.
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Our figure of merit is therefore

fRss—ZHS )| = or(6:)]*. (3.63)

In order to use this figure of merit, both |S(6;)| and ¢7(6;) must be nor-
malised to range from 0 to 1. To calculate how the scatterers should be

moved to minimise this figure of merit, we expand it under small changes

in 6S(8)|

Y [1S(6:)| — ¢r(6:)])> = Y (1S(8:)| +61S(6:)| — pr(6:))

x (|S(6:)] +61S(6:)] — ¢r(6:)),
= DS )> + ¢7(6;) +26S(6,)[(|S(6;)] — ¢r(6,)),
(3.64)

and retaining only first order terms, we find that
6Frss = ) [26S(6:)|(1S(6:)| — ¢r(6:)] - (3.65)
i

It is then necessary to find 6|.S], the variation in the Poynting vector, in terms
of the variations in the fields. Using the expression we obtained from ex-

panding the modulus of the electric field (3.60), we know that

58| = W (3.66)

Then, 65 can be derived from the expression for the Poynting vector
S = %E x H* (3.67)
— %(E +0E) x (H* +6H™), (3.68)
(55:1[E><(5H*+5E><H*]. (3.69)

2
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Substituting this into (3.65) gives us the change of the figure of merit in
terms of the changes in the fields, which are linear in ;. As with the previ-
ous examples the expressions for the field variations, (3.16) and (3.17), can
be substituted in to yield an expression for moving the scatterers to decrease
this figure of merit. Figure 3.15 shows that structures exhibiting three arbi-

trary far-field radiation patterns can be generated using our method.

3.10 Shaping the Far-field: Overlap Integral

Figure of merit choices are not unique, and often in optimisation one should
choose the one that is easier to evaluate. As well as using the residual sum
of squares, one can use the overlap integral (inner product) to characterise
how similar the far—field distribution of the Poynting vector is to the desired
radiation pattern. We will define the 1D normalised overlap integral of two

real scalar functions ¢(6), ¢(0) as

o JdgpO)¢re)
V[ 4692(6) [ d0'g2(9")

(3.70)

Here, the functions ¢(60), ¢1(6) represent some quantities in the far-field:
$(0) is the current distribution of the quantity we are interested in, eval-
uated in the far-field, and ¢r(60) a target distribution. This figure-of-merit
quantifies the similarity between the angular distribution of ¢(6) and the
target ¢7(0), ranging from 0 to 1. As will be shown, this figure-of-merit can
be used to optimize a scatterer array to determine the exact shape of the
far-field Poynting vector.

To use the figure-of-merit to calculate how to move a scatterer such that

the merit function is guaranteed to increase, we expand under variation in
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Figure 3.16: Design of far-field Poynting vector distribution, using an
alternative figure of merit. (a-c) show examples of the same procedure for three
different target distributions. In each case, the far-field power distribution of an
isotropic emitter located at the origin in engineered. Beginning from some initial
distribution of scatterers, shown as black dots, equation (3.72) is used to iteratively
move the scatterers to enhance the figure-of-merit, defined as the overlap of the
far-field Poyning vector |S(60)| and the target distribution ¢7(6). The optimized
locations are shown as red dots. The change in the overlap integral with iteration
number and far-field distributions are shown.

¢(0) to first order ¢p(0) — ¢(0) + d¢(0), giving

[ a0op(0)gr(6) — LA [ d6g(6)dg ()

OF
V[ 4692(6) [ do'g3(9")

(3.71)

The first term of (3.71) comes from expansion of the numerator of (3.70),
while the second term is due to the expansion of the normalisation fac-

tor. To consider a specific use of this type of figure-of-merit, let us say that
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$(0) = |S(0)] = VS -S*: the modulus of the Poynting vector in the far-
field. This describes the shape of how power is radiated. Expanding the
Poynting vector to first order as in the previous section, we find that the

expansion of the figure of merit is

1
2,/ d6|S(0) 2 [ do'g2(e")

{ %Re {5%(0) - [0E x H* + E x 6H*|} ¢r()  B.72)

oF X

] b?j;fg)(gi(f)l / A9 Re {S*(0) - [0E x H* + E x 6H*]}

Substituting into this the expressions connecting the variation of the fields
due to scatterers being moved, we have an analytic expression for the gra-
dient of the figure of merit, although the integrals need to be evaluated nu-
merically. Figure 3.16 shows several examples of designing structures that
shape the emssion of a dipole. An isotropic emitter aligned along the z axis
(out of the plane) is surrounded by an array of scatterers. All numerical pa-
rameters are identical to those of Table 1 in the main paper. Applying (3.72)
to calculate how to iteratively move the scatterers, several different angu-
lar distributions of the Poynting vector can be realised to a high degree of

accuracy.

3.11 Comparison with Full-Wave Simulations

To validate our analytic work and to investigate the validity of our approx-
imations, we present a comparison with full-wave simulations, shown in
Figure 3.17. A simple design involving only 16 scatterers was generated us-

ing our design method, with the aim of enhancing directivity along the 0°
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direction. Analytic results for both far-field radiation pattern and the com-
plex fields were compared to results from COMSOL [68]. In the full-wave
simulation, scatterers were modelled as finite silicon spheres of the correct
radius and the emitter is treated as a point source. Near and far fields of

90°

yIA

x  COMSOL
Analytics

270°

d s Analytics Re[Ex] Analytics Im[E] Analytics Re[Ey] Analytics Im[E,]

15

15

=< * ‘<
g 0 = 0
L4
-02(( -~
5 0 1

x(/)/\ x/A ’ x(/)/\
COMSOL Im[E,] 15 COMSOL RelEy] COMSOL Im[E,]
o Q O
oo s @ o
O
O

(0]
ong'® 4 °
O

PG oo

s 0 15715 0 1515 s
XIA XIA 15 N 5 XIA

EL
el s
e S 2
P Qe

0
X/A
COMSOL Re[Ey]

y/A
=)

X oo

yIA
yIA
o

o
S)
s}
©

Figure 3.17: Comparison between our analytic results and a full-wave
simulation. (a) shows the designed structure. (b) shows a comparison between |S|
calculated in COMSOL and using analytic theory. Residual sum of square errors
between the analytic results and numerical results is 0.044, demonstrating excellent
agreement. (c) schematic setup of the full-wave simulation, with the emitter shown as
a red arrow and the scatterers as yellow spheres. (d) shows a detailed comparison
between the calculated fields of the analytic model compared to COMSOL. In all cases,
the emitter is shown as a black arrow at the origin. For analytic plots, scatterers are
represented as black dots indicating they are treated as points, while for COMSOL plots
the scatterers are drawn as finite circles to show how they were modelled.

the designed structure are shown in Figure 3.17 (a) and (b) respectively. The

COMSOL setup is shown in Figure 3.17 (c), with the point emitter shown as
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ared arrow. A perfectly matched layer (PML) is necessary to absorb bound-
ary reflections to simulate an infinite medium. In the plane of the scatterers,
the real and imaginary parts of the relevant components of the electric field
generated from our analytic solutions to Maxwell’s equations, within the
coupled dipole approximation, are compared with COMSOL in Figure 3.17
(d). Even though in the analytic results the scatterers are modelled as points,
while in COMSOL they have a finite size, the agreement between the fields
is excellent. This demonstrates that for our choice of system the discrete
dipole approximation works very well, and the approximations behind it

are well justified.
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Figure 3.18: Investigating the validity of the dipole approximation. (a) shows
the setup of the study. A point dipole emitter, aligned along the y axis is located at the
origin. Two silicon spheres of radius 65 nm are placed at (A, £d/2), where d is the
scatterer separation. As d is varied, the difference between the far-field Poynting vector
calculated using COMSOL and using the analytic dipole approximation is recorded. (b)
shows how the error, characterised as the sum of square errors between the analaytic
and full-wave results, changes with separation. (c) Directly compares |E| in the
far-field calculated using COMSOL and the dipole approximation.
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During the optimisation procedure, we impose the constraint that scat-
terers cannot get too close. While the scatterers are modelled as points, they
represent physical objects with spatial extent; in this case spheres of radius
65 nm. To preserve this, we stop the scatterers from sitting on top of each
other or passing through each other. Scatterers, with radius r, are prevented
from getting any closer than 3r to avoid this issue. In addition, some works
have shown that the resonances of nearby resonators are shifted due to
near—field coupling. To investigate the robustness of our setup to this cou-
pling, a simple numerical investigation was performed using COMSOL. A
dipole emitter, aligned along the y axis, was located at the origin. One scat-
terer was placed at (A,d/2) and another at (A, —d/2), where d is the separa-
tion between the scatterers. Both scatterers are modelled as silicon spheres
of radius 65 nm. COMSOL'’s full-wave solver was used to extract the far-
tield radiation pattern and this was compared to analytic results based upon
the dipole approximation, where the scatterers are treated as points. The er-
ror, characterised as the residual sum of squares, between analytic results
and the full-wave solution was calculated for a range of separations. A
schematic of the procedure, as well as the results, are shown in Figure 3.18.
For separations > 3r the error is small: of the order 1073. At a separation
of 2r, when the scatterers are touching, the error is much larger. However,
qualitatively, the far-field radiation pattern is still reasonably well repro-
duced. These results indicate that the restriction on scatterer separation
might be relaxed without causing much error. We note that closly spaced
scatterers will interact in a manner not captured by the dipole approxima-
tion. However, it is possible to introduce correction terms [108] that allow

the coupled dipole framework to be utilised for closely spaced scatterers.
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3.12 Summary & Conclusions

In this chapter we began from Maxwell’s equations and used perturbation
theory to derive equations that connect a small change in the position of an
electric and/or magnetic dipole scatterer to the change in the electric and
magnetic fields. Utilising these analytic expressions to find an efficient op-
timisation framework, we considered figures of merit written in terms of
the fields. Such figures of merit were expanded under small changes in
the fields, into which we could substitute the expressions connecting small
changes in the fields to small changes in scatterer locations. This gives an
analytical expression for the gradient of a given figure of merit with respect
to the positions of all of the scatterers. It is key that this can be evaluated for
all scatterers simultaneously, making the resulting gradients very efficient
to find numerically. Our semi-analytic gradients are then used to perform
simple gradient descent optimisation, iteratively changing the positions of
a collection of scatterers to increase many different figures of merit. Our op-
timisation framework is applied to a wide range of antennas related prob-
lems. For example: increasing the power emission from a small emitter, key
to miniaturisation; manipulating the far-field radiation pattern of an emit-
ter; reducing the coupling between nearby emitters, crucial to constructing
base stations.

As well as a design framework, we also develop a simple paradigm for
analysing the behaviour of strongly multiple scattering structures. Decom-
posing the response of the device into the eigenmodes of the scattering
system yields three quantities of interest. First, the expansion coefficient
describes how strongly a given eigenmode is excited. Second, the eigen-
value of the mode corresponds to an ‘eigenpolarisability’, characterising

how strongly the structure responds to the input field when this mode is
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excited. Third, the spatial distribution of the field of the eigenmode dic-
tates the response of the system. The performance of the device designed
to enhance power emission is dominated by a single mode that has a large
expansion coefficient, and therefore a large overlap with the source field, as
well as a large eigenvalue, corresponding to a strong response. The struc-
ture designed to beam radiation into a particular direction has a handful of
modes with large eigenvalue and large expansion coefficient. While some
of these exhibit clear beaming into the desired direction, the resulting be-
haviour is clearly due to the interference of many eigenmodes. It remains
to be seen whether this framework can add insight to other highly scatter-
ing, disordered, systems as well as whether it can be utilised directly to aid

optimisations.
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Disordered Multi-Functional Metamaterials using the Discrete Dipole
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The ability to multiplex the functionality of electromagnetic materi-
als is key to the eventual application of metamaterials to communications
problems. While many techniques exist that design uni—functional meta-
materials, the design of multi-functional materials remains challenging.
Beginning from general considerations of wave-equations, we derive a
hard constraint upon wave fields that are to be supported by the same
material distribution. We then extend the method presented in the pre-
vious chapter to enable the design of multi-functional metamaterial de-
vices. Two key examples are shown to illustrate the utility of our ap-
proach. Firstly, we design a device that beam steers based on the polar-
isation of an emitter. Secondly, we design a device that sorts radiation
by its direction of incidence. Both of these devices have clear utility in

communications applications.

41 Introduction

To achieve the speed and bandwidth required of next-generation communi-
cations networks, it will be necessary to multiplex functionality. This means
carrying information in different wavelengths, polarisations or modes at the
same time, to increase the amount of information that can be transmitted.
One way to achieve such functionality is by using metamaterials to combine
the transmitted field then to split it up again on the receiving end. As such,
there has been much interest in the design of metamaterials that passively
perform different operations on input fields based upon their wavelength
[60, 109], polarisation [110], mode shape [61] or source position [111]. Such
multi—functional materials can be used to design devices such as spectrom-
eters [112] and even photonic computers [113]. Indeed, in optics, being able

to ‘spatially multiplex” or transmit data using multiple spatial modes [114—
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118] has attracted significant attention. However, many of the solutions in-
volve multi-mode fibers, which are not directly applicable to wireless com-
munications problems. Instead, multi-functional metamaterials have been
used to manipulate the radiation from a source directly. This has led to
multi-functional antennas [119] that radiate differently at different wave-
lengths. If one can also modulate the material then real-time beam steering
can also be achieved [120-122]. However, designing multi-functional meta-
materials remains challenging.

To understand why the design of multi-functional materials is challeng-
ing, we consider an electric field E(r) of a fixed frequency w = cko, with
wave number ko, in a material with a spatially varying permittivty &(r).

This wave obeys the vector Helmholtz equation,
V x V x E(r)+Kke(r)E(r) = 0. (4.1)

The difficulty in the design of multi-functional materials is the problem of
finding a single material distribution (here the permittivity, €) that performs
two (or more) desired wave transformations. This means that both of the
desired wave behaviours, E;(r) and E»(r) must be solutions to the same

Helmholtz equation,

V x V x E{(r) +k3e(r)E1(r) =0, V xV x Ex(r) +Ke(r)Ex(r) = 0.
(4.2)

From this statement, we can find a condition upon the two wave-fields for
this to be possible. Multiplying the first of these by E,(r) and the second
by E;(r), then taking the difference eliminates the material properties such
that

Eo(r)- [V xV x Ey(r)] — Ei(r)- [V x V x Ex(r)] =0.  (4.3)
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Integrating this over all space, then using Green’s vector identity [17], we

find that
?gv (Bx(r) X V x Bi(r) — By(r) x V x Ey(r)] -dS = 0. (4.4)

This condition, equivalent to reciprocity, places a stringent constraint on the
two wave-fields if they are to be supported by the same material, which
can be used to derive fundamental bounds on the performance of multi-
functional devices [123]. Indeed (4.4) is a generalization of Poynting’s theo-
rem, representing the conservation of the norm of the system modes; ensur-
ing for example, their orthogonality. To better understand the connection
between the above equation and energy conservation, consider the special
case where we demand the same permittivity distribution supports the so-
lution E4(r) = FE and its complex conjugate (time reverse) E,(r) = E*.
The surface integral (4.4) can then be re-written using the divergence theo-
rem,

V- (ExVXE" —E*xVxE)=0. (4.5)

Applying Maxwell’s equations to convert the curls into magnetic fields V x

E = —iwnoH, where 7 is the impedance of free space, we find
V- (ExH"+E*"xH)=0, (4.6)

which is the usual expression for energy conservation expressed in terms of
the Poynting vector S = 1Re [E x H*].

A direct application of Eq. (4.4) to design multi-functional materials is
generally difficult. Instead several other design methodologies have emerged
recently [124]. Typically, however, these methods either employ limiting as-

sumptions such as only allowing the materials to impart a phase shift [63,
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64], or require many full-wave simulations. Even with the efficiency of the
adjoint method [76], at least two simulations are required. If one wants to
design a material that performs different functions at i.e. two wavelengths,
four full-wave simulations are required. Thus existing methods rapidly be-
come intractable when used to design multi-functional metamaterials. In
this chapter, we generalise the results of Chapter 3 to allow for the design
of multi—functional devices. Beginning with some general comments about
what is required in the design of a multi—functional device, we consider the
toy example of increasing the efficiency of an antenna while also manipu-
lating its radiation pattern. We then progress to design a device that beams
radiation into different directions based upon the polarisation of the source,

as well as a device that ‘sorts’ plane waves by their direction of incidence.

4.2 Multi-Objective Optimisation Considerations

Extending the method presented in Chapter 3 to apply to multi-functional
metamaterials, requires one to seek to increase some set of figures of merit
{F1,F,Fs...}. A composite figure of merit can be constructed that is a
weighted sum of these,

F = ZwiFl-, (4.7)

where w; are the weights for each figure of merit. This composite figure of
merit can be optimised in the same way as a single figure of merit, where

the overall gradient becomes

oF

or,

Ly 48)
: ory,
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Key to the success of this method is a sensible choice of the weights, w;. An
appropriate choice can be informed by considering the desired properties of

the resulting device. Consider a simple example problem, shown in Figure
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Figure 4.1: An example of a multi-objective optimisation problem. We seek to
shape the radiation pattern of a dipole emitter pointing out of the plane along the z
axis, while also increasing its efficiency. To achieve this, we consider placing a single
isotropic scatterer near the emitter and explore the effect this has upon the figures of
merit: the power emission and the radiation pattern. a) Shows how placing a scatterer
at a particular point changes the power emission and b) shows how the overlap integral
is changed. These represent the search spaces of the problem. The additional difficulty
posed by multi, rather than single, objective problems is shown in c). A scatterer can
only be placed in the green regions, where both figures of merit are enhanced. Each
point in the search spaces corresponds to a point in solution space, shown in d). The
blue triangle and red star are shown in both search and solution spaces to demonstrate
this. Also shown in the solution space, d), is the diagonal ‘line of equal enhancement’
representing equal performance of each figure of merit and the Pareto front [125],
which represents the acceptable solutions to the multi—objective problem.

4.1. The goal is to distribute scatterers around a point emitter at location
r’ with polarisation p = £ such that two figures of merit are simultaneously

maximised. More specifically, the goal is to re-shape the radiation pattern of
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an emitter, while simultaneously increasing the efficiency. The first figure of
merit is the power emitted from the dipole, given by the PLDOoS first derived
in Section 2.4

F=P= %Im[p* - E(+")]. (4.9)

The second is the overlap integral between the angular distribution of the

Poynting vector in the far-field, |S(0)| and a desired angular distribution

¥r(0)
J d01S(0)|yr(6)

I d815(8)2\/ [ dey(8)

where the angle 6 is in the same plane as the metasurface. In the following

EL=I=

(4.10)

examples, the target distribution is

cos?h 270° < 6 < 90°,
Ppr(0) = (4.11)

0 otherwise.

Both of these can be expanded to first order to find the gradient of the figure
of merit with respect to the scatterer locations [126], as we saw in the pre-
vious chapter. For convenience, both will be normalised by their free-space
values, Py and Ij: these are the values of the figures of merit without any
scatterers present. Considering the effect of a single scatterer upon these
figures of merit, Figure 4.1 (a) and (b) show how placing the scatterer in a
particular location increases or decreases each figure of merit. These maps
define the search space for the problem. For multi-functional problems,
however, there is the additional constraint that a scatterer should only be
placed where both figures of merit are increased. This is shown in Figure 4.1
(c); it is clear that multi-functional problems are significantly constrained
and have complex search spaces. Each scatterer location in the search spaces

Figure 4.1 (a) and (b) corresponds to a point in the solution space, shown in
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Figure 4.1 (d). To demonstrate this correspondence, the red star and blue
triangle are shown in the search and solution spaces. Each point in solution
space corresponds to a configuration of scatterers, which in our example is
one, but could be any number. The solution space, Figure 4.1 (d), has a few
interesting features. The Pareto front [125], shown as a red line, are all ac-
ceptable solutions to the multi-objective optimisation problem (i.e. where
one figure of merit cannot be improved without sacrificing the other). Along
the diagonal, the dashed magenta line, enhancement of the two figures of
merit is equal, which is often the desired outcome. It would not be very
useful to select a solution point where the emitted power is large but the
overlap is small, even if it lies on the Pareto front. This observation informs
the choice of weights in the optimisation procedure. The weights are chosen

to be proportional to the figure of merit itself,

1
w; o 7 and normalised so thatZwi =1. (4.12)

1 i

Choosing the weights to be proportional to 1/ F; means that when the figure
of merit is small the contribution of the gradient associated with that figure
of merit to the sum (4.8) is large, but when the figure of merit is large the con-
tribution is suppressed. Note that the figures of merit must be normalised
so that their magnitudes can be meaningfully compared, for example by di-
vision by a free space value. Choosing the weights in this way allows for
the design of multi-functional metamaterials built from discrete scatterers,
for a variety of applications. A few examples are offered in the following

section.
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4.3 Multi-functional Devices

Continuing with the example developed in the previous section and shown
in Figure 4.1, the multi-objective problem of designing a structure that re—
shapes the radiation pattern of an emitter in the plane of the metasurface,
while also increasing efficiency, is addressed. We work at a wavelength of
A = 550 nm and the scatterers are small silicon spheres of radius 65 nm.
For this system, the polarisability tensor can be found analytically from the
Mie a; and by coefficients. Our figures of merit are the radiated power (4.9)
and the overlap with the desired radiation pattern (4.10) and we choose the
weights according to (4.12). As was done in Chapter 3, we expand these
figures of merit to first order under small changes in the field to get for the

power emission

P =Im [p*- B(r')], (4.13)
6P = ZIm [p* - SE()], (4.14)
so that
VP = gIm [p* . (CZG(T', ry)apVE(ry,)
2 (4.15)
+ifV x G(r',ry)ayVH(r,))] .
For the overlap integral, we write
ol = !
2,/ d6S(0)[2 [ do'g3(0")
X [ ’Sd(—ge)‘Re{S*(G) \[6E x H* + E x 6H*]} ¢r(0)  (4.16)

_fdfejgfg)(!(;(f)\ /de Re {S*(6) - [0E x H" + E x H"]} | .
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Into these we substitute the expressions connecting the changes in the field

to the changes in scatterer positions

SE(r) = [gzc;(r, rn)oEVE(ry) +ifV x G(r, rn)aHVH(rn)} o1,
(4.17)

SH(r) = [gZG(r, ooy VH () — iEV x G(r, rn)aEVE(rn)} o1,
(4.18)

giving analytic expressions for the gradients of the figures of merit.

Using these gradients, weights (4.12) and the gradient descent method,
we design the structures shown in Figure 4.2. For comparison, we also con-
sider the single—objective case where only the far—field radiation pattern is
shaped. The resulting far—field radiation patterns are shown in Figure 4.2
a), with the path of the optimisation in solution space shown in Figure 4.2
b) and the two resulting structures shown in Figure 4.2 ¢) and d). Exam-
ining first the radiation pattern, we note that the multi-objective optimi-
sation produces a slightly worse match to the target distribution than the
single—objective case. This is due to the trade—off between the two figures
of merit we seek to optimise. In solution space, Figure 4.2 b), we see that in
the case where only the radiation pattern is shaped (blue line) only a very
small change in emitted power is seen. Conversely, when both power and
radiation pattern are optimised, the emitted power approximately doubles
while the overlap integral also increases. Unlike the case for a single scat-
terer shown in Figure 4.1, it is impossible to plot the whole search space
and visualise the location of the Pareto front. The scatterers have a diameter
~ A/4 and our solution box has size 81, meaning that there are 322 = 1024
possible ‘pixels” a scatterer could occupy. This means that for N scatterers,

the number of possible solutions is 1024!/(N!(1024 — N)!). For N = 64,
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Figure 4.2: Multi—objective optimisation solutions, seeking to increase the
emitted power from a dipole while also shaping the far—field radiation pattern
into the desired double—lobed shape. For comparison, the single—objective case,
where only the radiation pattern is shaped is shown. a) shows the far—field radiation
pattern in the plane of the multi—functional structure (red) as well as the target
radiation pattern (black dashes). The case where only radiation pattern is shaped is
shown in blue. In b), the paths in solution space of the single and multi-objective cases
are shown. It is clear that our choice of weightings works well: both figures of merit
undergo similar enhancements from their starting values. When only radiation pattern
is controlled (blue line) emitted power changes little over the optimisation, however
when it is part of the composite figure of merit (red line) clear enhancement is seen at
the same time as the overlap integral is increased. The single—objective structure is
shown in c) and the multi-objective structure is shown in d), with the emitter polarised
out of the page at the origin. In this example, we work at A = 550 nm and the
scatterers are silicon spheres of radius 65 nm.
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this is ~ 10%!. Despite the exceedingly large search space, which even a ge-
netic algorithm would explore only a very small portion of, our method has
found a solution that performs well. A comparison between solving this
problem using the method we present and a genetic algorithm is given in
Section 4.5.

The second example we consider is manipulating the radiation pattern
based on source polarisation. Again, we work at A = 550 nm and use 65
nm silicon spheres as the scatterers. We aim to create beams at angles 0;,

associated with source polarisation p;. Our figures of merit are therefore

F = [S(6)] (4.19)

The expansion of this to find analytically the gradient is

(SFi = 2Re [S*(Ql) . (55(9,)] (4.20)

= 2Re [S*(6;) - (6E(6;) x H*(8;) + E(6;) x sH*(6;))].  (4.21)

Substituting into this the expressions for the field variations (4.17, 4.18)
gives analytic expressions for V., F;. We consider the source polarisation

being either left or right circularly polarised, i.e.

1
S (4.22)
P=p5 | H | :
0

The Poynting vector can then be expanded to first order to find the deriva-
tives of the figures of merit for the optimisation procedure. Figure 4.3 a)

shows the radiation patterns of the designed structure excited by each of
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Figure 4.3: Solution to the multi-objective problem of beaming in different
directions based on the polarisation of the source. We work at optical wavelengths
A = 550 nm, using silicon spheres of radius 65 nm as the scatterers. a) shows the
far—field Poynting vector in the plane of the metamaterial. The aim was for a right
handed source to beam into the 0° direction and for a left handed source to beam into
the 100° direction. The optimised structure is shown in b) under a right—handed
circular polarisation (RHCP) excitation and c) under left-handed circular polarisation
(LHCP) excitation. The emitter is indicated by a magneta star at the origin. The path
in solution space of the optimisation, d), shows that over the optimisation both figures
of merit are enhanced equally, due to our choice of weights. The multi—functionality
condition (4.4) is verified in panel €), by computing the integrals numerically. This
yields 1078, which is small enough to be considered zero within the numerical error
associated with evaluating the surface integral.

the two different sources we consider. For a right-handed source, the tar-
get angle is 0 = 0° and for a left-handed source, 8 = 100°. The far-field
Poynting vector in the plane of the metamaterial, Figure 4.3 a), also shows
clear peaks at the desired locations, which are also evident in the near—fields
shown in Figure 4.3 b) and c¢). The modulus of the Poynting vector on the
far—field sphere, under both left hand (LHCP) and right hand (RHCP) ex-
citation, is given in Figure 4.4. From this, it is clear that the radiation is
being sent to the desired locations. The path in solution space, Figure 4.3
d), shows that the choice of weighting has ensured that the performance of
both figures of merit remain similar over the optimisation and in the final

result. The multi-functionality condition (4.4) is considered in Figure 4.3 e).
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Figure 4.4: Modulus of the Poynting vector in the full far—field for the
structure shown in Figure 4.3.

Forming the vector fields E; X V x E; on the surface of a sphere enclosing
the structure, integrating over the surface and taking the difference yields a
result of the order 10~8, within expected numerical error.

The third and final example we consider is designing a device for beam
sorting. Working at 15.5 GHz and using ‘metacubes’ [127] as the scattering
element. The metacubes, formed of six metal faces joined by three connect-
ing spokes, exhibit a strong dipole resonance at 15.5 GHz. Due to their
complexity the polarisability tensor cannot be found analytically. Instead,
one can model a single scatterer under plane-wave incidence using a full-
wave solver such as COMSOL [68] and integrate over the currents to find
the electric and magnetic dipole moments [38, 45], from which one can find
the polarisability tensors. This is discussed in detail in Appendix B. Op-
timisation of a structure of many complex scatterers using such full-wave
methods quickly becomes intractable. Our method presents the key bene-
fit of being able to model large systems of potentially complicated scatter-
ers, provided they can be approximated as dipoles, although it is possible
to include higher order multipoles into the formalism [40-42]. We seek a
structure of metacubes that takes plane waves from different directions and
focuses them to distinct points. A device of this sort could be used, for ex-

ample, to detect from which direction a signal is coming. The figures of
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merit for this problem are:
Fi = |Ei(m)]?, F, = |Ey(r) %, (4.23)

where r; denotes the location to focus the wave at for incident direction i
and E; is the electric field produced by the structure under incidence from

direction i. The gradients of these figures of merit are

51:1' = 2Re [E*(Ti) : (SE(’PI)] ’
V., F = 2Re [E*(ri) : <§2G(ri, rn) oV E(ry) (4.24)

+i¢V x G(r;,rn)agVH(r,))l.

The structure resulting from this optimisation is shown in Figure 4.5. Oper-
ation of the device when driven by a TE plane wave incident at 20° is shown
in Figure 4.5 a) and for a plane wave at —20° in Figure 4.5 b). The two differ-
ent focus points are clearly visible in the fields. The path in solution space
is shown in Figure 4.5 d), where again the choice of weighting has ensured
roughly equal performance of F; and F,. Slices of the fields from Figure 4.5
a),b) are shown in Figure 4.5 c), indicating the large main peaks at the de-
sired focus locations. The initial and final structures are shown in 4.5 e),f).
We begin from an ordered 3D arrangement of metacubes and the optimi-
sation procedure introduces disorder to achieve the desired functionality.
The validity of the multi-functionality condition is shown in Figure 4.5 g).
Here, the numerical error is larger due to the highly oscillatory nature of the

integrands.
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Figure 4.5: Design of a multi—functional device, with its operation depending
upon the direction of incidence of a plane wave. If the wave is incident from
+20°, the wave is focused to different locations. The performance of the device under
—20° incident is shown in a) and under 20° incidence in b), with direction of incidence
shown as a white arrow. We work at 15.5 GHz using metacubes, shown inset in a), as
the scatterers. Panel c), shows cuts of the fields under the two different incidence
angles, demonstrating peaks at the target positions. The path in solution space, d),
shows that the two figures of merit progress at the same rate over the optimisation,
leading to a structure with roughly equal performance for each figure of merit. The
initial and final structure are shown in e) and f). The multi-functionality condition
(4.4) is verified in g) by evaluating the surface integrals. The numerical error here is
larger than the results in Figure 4.3 due to the strongly oscillatory nature of the
integrand, making evaluation of the surface integral more sensitive.

4.4 An Introduction to Differential Evolution

While we use gradient descent almost exclusively as our method of opti-
misation, genetic algorithms have been used extensively [70, 71, 95, 96] to
design photonic systems. Gradient descent is simple and easy to imple-

ment, but can get stuck in local minima very easily. Genetic algorithms, are
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a particular class of so—called ‘global optimisers’, as they find global rather
than local minima. To illustrate the difference between the two approaches,

we consider optimising the Ackley function [128]

f(x,y) =—20exp {—0.2 0.5(x% + yZ)} -

— exp [0.5(cos 27rx 4 cos 27ty)] + 20 + ¢,

shown in Figure 4.6. This is a difficult function to find the minima of, as it

4 e = 4 ~
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. f(-2.97, -0.00) = 6.88 ® Generation 5
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Figure 4.6: A comparison of minimising the Ackley function with gradient
descent and a genetic algorithm. In a), gradient descent is used to find the minima,
with 5 random starting positions within the search space. Each starting position finds a
different minima, with many failing to find a global minima. b) Differential evolution is
then used. Each dot represents a population member, with different colours
representing different generations of the population. As ‘evolution’ progresses, the
population converges on the global minimum.

has very many local minima. We first try to apply gradient descent to find
the global minima. Starting at 5 randomly chosen initial positions, we fol-
low the directional gradient until a minima is found. Of the 5 starting condi-
tions shown in Figure 4.6 (a), only 1 finds the global minima at f(0,0) = 0.
The other 4 get stuck in local minima. Genetic algorithms present a solution
to this issue, albeit at the cost of conceptual clarity.

Differential evolution is a prototypical genetic algorithm, developed by
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Storn and Price [129] in the late 1990’s. Today, many different genetic al-
gorithms exist (i.e. particle swarm optimisation, Gaussian adaptation, cel-
lular evolutionary algorithm etc.), however differential evolution is one of
the simplest to understand and implement. The differential evolution algo-

rithm requires the following ingredients

 Figure of merit: A function to be minimised f(x). In our example,

this is the Ackley function.

¢ Candidate Solution: A set of arguments that can be given to the merit
function to evaluate the figure of merit. Here, each candidate solution

is a point in the x — y plane, = (x, y).

¢ Population: A set of candidate solutions upon which the algorithm
will act, {x1,xy, x3,...}. The number of candidate solutions in the

population is the population size, Ny,.

e Cross—over probability: Denoted by CR € [0, 1], this gives the proba-

bility that members of the population will combine.

e Differential weight: Denoted by F € [0,2], this parameter controls

how combination works.

¢ Maximum number of generations: The maximum number of itera-

tions of the algorithm we allow, Nj.

Population size, cross—over probability, differential weight and number of
generations are all free parameters, meaning that for very complex prob-

lems they must be carefully tuned. Here, we use the standard values of

F=05 CR = 0.7 N, =10 Ng = 1000. (4.26)

The process of the algorithm is then
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¢ Randomly initalise the population. For our example, we randomly

choose N, random positions in the x — y plane.

* Until the stopping criteria is met (N, reached or figure of merit smaller
than an arbitrarily small number), for each member of the population

€T, do

1. Pick 3 population members at random a, b, c.

2. Choose a 4th random member of the population as the target .

This should be different from a, b or c.
3. Generate a random index for the population R.

4. Now perform the cross-over. Generate a random number r ~
u(o,1).
(@ If r < CRorr = R, sety = a+ F(b— c). Otherwise set
Y =T,

5. If f(y) < f(z,) then replace x; with y.

* Pick the member of the population with the lowest figure of merit, and

return it as the best solution.

Python code to perform this is given in Appendix A; differential evolution
is also built into Scipy’s ‘optimize” toolbox [130].

Using this algorithm to find the minima of the Ackley function is shown
in Figure 4.6 (b). The starting population, shown as red dots, are distributed
randomly in space. As the generations progress, according to the differen-
tial evolution algorithm, they group around the global minima atx =0,y =
0. Indeed, in very few iterations the algorithm finds the global minima.

For some problems, differential evolution has many advantages over

gradient descent. As we have seen, it is much better at exploring complex
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search spaces and has the benefit of not requiring any gradient evaluations,
although it does require many merit function evaluations. This is useful
when figures of merit are faster to evaluate than their gradients. The merit
function itself involves a single numerical integral, while its derivative re-
quires two numerical integrals. However, the algorithm lacks the clarity of
gradient descent and as it is based on random numbers can be difficult to
repeat the results. Finally, for high-dimensional problems one must often
perform a ‘meta-optimisation” of the free parameters (N, Ng, F, CR), which
is usually done using gradient descent.

In the next section, we compare the performance of differential evolution

to our method, for designing multi-functional photonic devices.

4.5 Comparing our method to Differential Evolu-
tion

We compare the results of our optimisation for both emitted power and di-
rectivity with the results of a genetic algorithm solving the same problem.
Using the differential evolution algorithm [129], with a population size of
20, and a maximum allowed iterations of 5000. The differential weight pa-
rameter is F = 0.5 and the crossover probability is CR = 0.7. This genetic
algorithm was run several times and the best solution selected. The compar-
ison between this result and the result of our local optimisation is shown in
Figure 4.7. The genetic algorithm produces a slightly higher power emission
but a slightly lower value of overlap integral. From the scatter of the solu-
tions generated by the genetic algorithm in solution space, shown in Figure

4.7,it is evident that the genetic algorithm explores more of the search space
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Figure 4.7: A comparison of the results of our optimisation and a genetic
algorithm seeking to shape a far—field radiation pattern while also improving
efficiency. The far—field radiation patterns are compared in a), and the solution space
paths are shown in b). The progress of our method is shown in red, and the progress of
the genetic algorithm as green dots. Each dot represents a single population member.
The final result of the genetic algorithm is shown as a blue star. The resulting
structures are shown in c) and d).

than our local optimisation. However, due to the size of the search space for

multi—functional problems, this does not provide much advantage.

4.6 Validity of the Discrete Dipole Approximation

To verify the validity of the discrete dipole approximation, we compare our

results with full-wave solutions using a finite element method numerical

solver (COMSOL Multiphysics) [68].
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The beaming device shown in Figure 4.3 has been validated by consid-
ering the nearest 20 scatterers to the source, due to memory considerations.
For this reduced system, the comparison between the discrete dipole ap-

proximation and COMSOL is shown in Figure 4.8. The scatterers here are
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Figure 4.8: Comparison between our analytic results, based on the discrete
dipole approximation, and full-wave simulations in COMSOL. Considering only
the 20 (of 64) scatterers nearest to the source of the device shown in Figure 4.3 we
compare a) the far—fields and b),c) the near—fields. For these scatterers, 65 nm radius
silicon spheres, good agreement with the discrete dipole approximation is shown.

silicon spheres of radius 65 nm, for which the electric and magnetic polaris-
abilities can be found analytically.

Validation of the ‘lensing” device shown in Figure 4.5 of the main pa-
per is shown in Figure 4.9. We consider a TE plane wave incident upon a
small number of metacubes. Comparing the near and far fields in Figure
4.9 the main difference is in the field at the location of the scatterers, where
the discrete dipole approximation is not valid anyway. The PEC boundary
condition on the metal cubes in COMSOL ensures that the field inside the
metacubes is zero. However, in the analytics, the field on one of the scat-
terers is proportional to G(ry, r,,). The real part of this expression diverges,
while the imaginary part remains finite. The divergence of the real part is

what causes the difference in the fields at the scatterer locations.
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Figure 4.9: Comparison between the discrete dipole approximation and
COMSOL for several metacubes under TE polarised plane wave incidence.
Both a) the scattered field in the far—field and b)-e) the near—fields are shown.
Excellent agreement between the analytics and full-wave simulations is found.

4.7 Summary & Conclusions

In this chapter, we generalised the results of Chapter 3 to enable the de-
sign of multi-functional photonic devices. Beginning with general consid-
erations of multi-functional materials, we derived a rather restrictive con-
straint upon vector wave—fields that must be obeyed for multi—functionality.
Taking as an illustrative example the problem of enhancing the emitted
power of a small emitter while also shaping its far—field radiation pattern,
we motivated a choice for how to weight the different components that
make up the optimisation problem. Arguing that a good multi—functional
device should perform each of its multiple roles well, we choose the weights
to be proportional to one over the figure of merit at each optimisation step.
Thus, if we begin from a point where emitted power is good but directiv-

ity is poor, directivity will be prioritised by the optimisation. Our weighted
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gradient descent optimisation procedure, with the gradients found semi-
analytically as in Chapter 3, was compared favourably to a genetic algo-
rithm, another popular method for multi—objective optimisation.

With the method developed through simple examples, we proceeded to
design two multi-functional devices. Working at optical wavelengths, us-
ing small silicon spheres as the scatterers, we designed a device that beams
radiation into different directions based upon the polarisation of the source
emitter. Then at microwave wavelengths, using ‘meta—cubes’ as the scatter-
ers, we design a 3D device that sorts waves by their direction of incidence.
It is important to note that this device cannot be modelled using full-wave
solvers such as COMSOL due to the different length scales involved. A very
fine mesh must be used around the sub-wavelength scatterers, but then the
device is tens of wavelengths across with over 100 scatterers. Leveraging
the efficiency of being able to model a single scatterer at a time to extract the
scattering properties, then using the coupled dipole approximation to find
the fields, our method is extremely efficient at dealing with these length

scale differences.
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Chapter 5

Microwave Experiments

“...the triumphant vindication of bold theories — are these not the pride and the
justification of our life’s work?” — Arthur Conan Doyle, The Valley of Fear

The work of this chapter was done jointly with Leanne D. Stanfield. JRC
performed all numerical and analytical modelling. Experiments were car-
ried out by LDS. Both authors contributed equally to the analysis of the
data.

One of the most ubiquitous types of antenna is the Yagi—-Uda antenna.
Comprising a single driven element with several metal rods, forming the
‘director’, that generate a strongly directional beam in a particular direc-
tion. However, as the demand placed on communications networks has
grown, so has the requirement for more specific antenna functionalities.
In this chapter, we generalise the Yagi-Uda antenna, placing rods any-

where in a plane around an emitter to achieve arbitrary radiation patterns.
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5.1 Introduction

One of the most common types of antenna is the Yagi-Uda antenna [79].
Shown in Figure 5.1 a), the antenna has one driven element surrounded
by passive metal rods of varying length. All of the elements are uniformly
spaced by 0.2A, were Ag is the desired working wavelength. The metal
rods are held in place by a dielectric support. Parameters have been taken

from the Yagi-Uda example in the COMSOL application gallery [131]. The

a) Driven b) 05
element 0.4
m . 03
a
‘ 0.2
1T -
\\ / 093 2.4 2.5 2.6

Reflector Directors Frequency (GHz)
C) 1.0 d)
150 0.8
100 0.6
D
0.4
50
0.2
0
" 270

Figure 5.1: Behaviour of the Yagi—-Uda antenna. a) Geometry of the antenna,
comprising a single driven element and several passive metal rods acting as scatterers.
The rods are arranged so that the scattered fields interfere constructively at the desired
working frequency. b) Reflection loss of the driven element as a function of frequency.
The minima corresponds to the desired working frequency of 2.45 GHz (a common
WiFi frequency). c) The full farfield radiation pattern at f = 2.45 GHz shows a clear
uni—directional beam. d) Cuts of the far—field along the E and H planes show the
radiation pattern. Fitting Gaussians to each, we estimate that the beam width in the E
plane is 44° and in the H plane is 29°.

reflection loss of the Yagi—-Uda antenna, shown in Figure 5.1 b), shows that
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the Yagi-Uda antenna is rather narrow band making it useful for applica-
tions what require frequency selectivity such as television broadcasting. The
radiation pattern of the Yagi—-Uda antenna, Figure 5.1 c), d) shows that a di-
rectional main beam is generated in the direction the rods are pointing, with
a beam width of 44° in the E-plane and 29° in the H-plane.

Being simple to design and straightforward to build, the Yagi-Uda an-
tenna has found great utlity over the last 100 years. However, the increasing
congestion of communications frequencies requires antenna to be more di-
rective and selective ideally while retaining the simplicity of the Yagi-Uda
antenna. The ability to design antenna for specific applications that are easy
to build, but have far more general radiation patterns than the Yagi-Uda
antenna will be crucial to the next generation and generation beyond next
communication systems. In this chapter, we apply the design framework
presented in Chapter 3 to arrange metal rods around a simple emitter. We
demonstrate the ability to engineer the far—field radiation pattern in many

ways.

5.2 Modelling the Scatterers

We begin by considering how to model the elements we will use as the scat-
terers. Seeking to work at ~ 10 GHz, we calculate the length of rod that
will have its half-wavelength resonance at this frequency. A frequency of
10 GHz is equivalent to a wavelength of 30 mm, so the half-wavelength
length is 15 mm. We therefore use as the scatterers rods of length 15 mm
and diameter 3 mm. In order to use these scatterers in the semi—analytic de-
sign procedure, we must extract the polarisability numerically. The method
we use to do this is described in Appendix B. A schematic of the model is

shown in Figure 5.2. The metal rod is placed in an isotropic background
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[ Perfectly matched Iayer]

Figure 5.2: Schematic representation of how the scatterers are modelled to
find their resonances. Following the method presented in Appendix B, the scatterer is
placed in an isotropic background medium, then excited with plane waves. Integrating
over the charges and currents allows one to calculate the elements of the polarisability
tensor.

material and excited with plane waves of different polarisation and propa-
gation directions to find elements of the polarisability tensor. As expected,

this is anisotropic, with the structure

000
a®d= [0 o0 o« (5.1)
00 1

where the long axis of the rod is aligned along the z axis. All of the x,y com-
ponents, as well as the magnetic polarisability are negligible compared to
the z component of electric polarisability. The resulting electric polarisabil-
ity as a function of frequency is shown in Figure 5.3. The peak polarisability
is at 7 GHz, red-shifted by the effect of the thickness of the rod, as well as
end effects. Figure 5.3 shows how the modulus of the polarisability changes
as the thickness of the rods is adjusted. As the rod becomes thinner, the res-

onance moves closer to the 10 GHz expected from elementary arguments.
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Figure 5.3: Polarisability of the metal rods, as a function of frequency. The
effect of making the rods narrower is to shift the resonance towards to 10 GHz expected
of an infinitely thin wire.

Since larger polarisability provides stronger scattering, and therefore more

control over the wave-field, we elect to work at f = 7 GHz. At this fre-

quency, we have
a4 = 691 +i14.17 f =7GHz. (5.2)

The other ingredient we need to include in the analytic framework is the
source field. As we plan to use a non-standard emitter, this must also be

extracted numerically.

5.3 Modelling the Emitter

All of the designs so far in this thesis have used idealised point emitters to
generate the source fields. While this approximation can well describe the
half-wavelength dipole antenna [5, 16], the radiation from more complex
sources cannot be described in this way. It will therefore be necessary to
numerically characterise the emitter we are using and incorporate this into
the semi-analyic framework we have developed in Chapter 3. In the ex-

periments of this chapter, we will use a balanced half-wavelength sleeve
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antenna, shown in Figure 5.4 a). The balun prevents currents from being

Coaxial |}
Cable !‘,:,:-

Coaxial Port

Figure 5.4: Sleeve antenna used in the experiments. For ease of measurement, we
use a sleeve antenna with a balun to prevent standing waves along the length of the
coaxial cable. The dimensions of the balun and rod have been chosen so that together
they fulfill the half-wavelength condition at 7 GHz. The emitter is modelled
numerically, to find the fields. The geometry and mesh used in COMSOL is shown in
b), and a coaxial port is used to simulate the effect of the coaxial cable.

generated down the length of the coaxial cable, which lead to additional
resonances that perturb the performance. When one designs a sleeve an-
tenna, the half-wavelength length includes both the radiation element and
the balun [5]. To operate at a frequency of 7 GHz, corresponding to a wave-
length of ~ 4 cm, the radiating element plus the balun should have a length
of 2 cm. Just like a dipole emitter, the radiation is predominantly perpen-
dicular to the axis of the radiating rod. In previous chapters, the source was

modelled as a point dipole meaning that the source fields could be found
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analytically using the dyadic Green’s function. For more complicated emit-
ters, such as the sleeve antenna, very few analytic results exist so it is nec-
essary to numerically model the behaviour of the emitter. This was done
using COMSOL Multiphysics [68]. The modelled geometry is shown in Fig-
ure 5.4 b). A coaxial port is used to excite the structure: this is an impedance
boundary condition that simulates the effect of the coaxial cable.

Some key properties of the emitter are shown in Figure 5.5. Figure 5.5
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Figure 5.5: Key radiation properties of the sleeve antenna. a) the |S11|
parameter shows a key dip at 7 GHz, indicating that the geometric dimensions of the
balun and rod have been chosen correctly. The radiation pattern perpendicular to the
plane of the antenna as a function of frequency was b) modelled and c) measured.
There is a clear peak in amplitude around the 7 GHz resonance, with the radiation
pattern being isotropic. Plotting d) the radiation pattern at 7 GHz, we see the isotropic
behaviour along with some background noise.

a) shows |S11] as a function of frequency. This can be thought as the reflec-

tion loss of the antenna, a measure of how much input power gets radiated.
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A small |S11| corresponds to small reflection between the cable and the an-
tenna, so a large amount of radiated power. We observe a dip in |Sq1| at 7
GHz, where the antenna has been designed to be resonant. Then, in Figure
5.5 b)-d), the radiation pattern of the emitter has been measured and com-
pared with numerics. We consider the radiation pattern in the plane per-
pendicular to the axis of the antenna, as this is where the scatterers will be
placed. The radiation patterns in Figure 5.5 b) and c) are isotropic, exhibit-
ing an amplitude increase for all angles around the resonance frequency of
7 GHz. The radiation pattern at 7 GHz, shown in Figure 5.5 d), is isotropic
although with some measurement noise.

To model the scattering system, we will require the fields of the emitter
evaluated at the scatterer positions, which will change over the course of
the optimisation. There are two approaches one could employ to calculate
these fields. Firstly, one could model the emitter in COMSOL, then extract
the currents within the source. Integrating these against the Green’s func-
tion would allow one to calculate the field at any point in space. However,
this requires many numerical integral evaluations which can be sensitive to
the points on which one has chosen to export the field. Instead, we calculate
all of the fields in COMSOL and export their spatial distributions. These
are then interpolated so that one can very quickly evaluate the field at any
x — y position, or in the far—field. It should be noted that the far-fields were
extracted separately, although one could use the near-to—far field transform
[132] to map between the two. This would, however, require the calculation
of a surface integral numerically. The fields of the sleeve antenna emitter
with a balun at 7 GHz are shown in Figure 5.6. A small amount of x po-
larised field is generated, although as the scatterers have no x component

of their polarisability tensor, this will not be modified by the scatterers. The
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Figure 5.6: Electric field of the emitter, extracted from finite element
modelling.

larger z component of the field will however couple strongly to the scatter-

ers, exciting their dipole resonances.

5.4 Experimental Procedure

Once designed and constructed, the devices were experimentally charac-
terised using an Anritsu MS546122B Vector Network Analyser (VNA), and a
rotational table controlled by a Thorlabs APT Precision Motion Controller.
To determine the far-field radiation pattern, the structure underwent a full
360° rotation in 1° increments about the z-axis, parallel to the axis of the
source and the rod scatterers, in an anechoic chamber, with response mea-
sured by a Flann Dual Polarized Horn Antenna (Model DP240) for fre-
quency range 4.0 GHz to 10.0 GHz in 0.05 GHz increments. The experi-

mental setup is shown in Figure 5.7.
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Figure 5.7: The experimental setup.
5.5 Experimental Demonstration of the Designs

Having established the key properties of the building blocks of the system,
we proceed to utilise the methodology presented in Chapter 3 to design
‘generalisations of the Yagi-Uda antenna’. Rather than arranging only a
small number of rods to create a beam in a particular direction, we begin
from a square array of 100 rods and design structures that have beams in ar-
bitrary directions. While the numerical model is exactly the discrete dipole
approximation described in Section 2.6, the source field is now extracted nu-
merically and imported into the analytic framework. The first example of
this is shown in Figure 5.8. The target radiation pattern is a beam at the 0°
direction with a width of 10°. Figure 5.8 a) shows the progression of the fig-
ure of merit, defined as the overlap integral between the desired and current

radiation patterns, over the optimisation. The initial and final structures are
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Figure 5.8: Designing an array of scatterers that beams in a single direction.

shown in Figure 5.8 b), with the experimental realisation shown in Figure
5.8 ¢). The measured radiation pattern is shown in Figure 5.8 d), exhibiting
a clear peak at the design frequency of 7 GHz and at one particular angle.
A comparison between analytics, experiment and the target distribution is
shown in Figure 5.8 e). While similar to the behaviour of the conventional
Yagi-Uda antenna, the inclusion of many more scatterers allows for direct
control over the exact width of the beam.

Our next device illustrates the flexibility of our design procedure. The
target radiation pattern now has two beams of width 15° at 10° and 260°.
The progression of the overlap integral, final and initial scatterer positions
and experimental sample are shown in Figure 5.9 a)-c). Measured radiation
pattern, shown in Figure 5.9 d) shows two clear beams at 7 GHz. Compari-
son of the radiation patterns predicted and measured in Figure 5.9 e) show
excellent agreement of the position and width of the main lobes, although
larger back lobes are present in the experimental data.

Next, we consider attempting to design a device that has three beams of

specified widths at specific positions, with pre-determined amplitudes. As
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Figure 5.9: Designing an array of scatterers that beams in two directions, with
defined width.

with the two beam design, we aim to place two beams of maximum ampli-
tude and width 15° at 10° and 260°, in addition to a beam of half amplitude

and width 45° at 80°. Figure 5.10 a)-c) shows the optimisation and exper-
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Figure 5.10: Designing an array of scatterers that beams in three directions,
with defined widths and amplitudes.

imental sample. The full measured far-field radiation pattern, shown in
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Figure 5.10 d), is now harder to interpret. However the two maximum am-
plitude beams can be see at around 200° and 250°, with the half-amplitude
beam appearing at around 100°. Comparing the radiation patterns in Figure
5.10 e), good agreement between analytics and experiment can be observed.

The full far-field radiation patterns (as functions of both polar angle 0
and azimuthal angle ¢) of each of the above designs is shown in Figure
5.11. These patterns were extracted from full-wave simulations in COMSOL
[68]. In the radiation pattern for the single beam design, shown in Figure
5.11 a), a single clear beam at ¢ ~ 180°, with little other radiation. For the
two beam design, shown in Figure 5.11 b), two clear main beams can be

observed. The three lobe design, shown in Figure 5.11 c), has the expected

a) One Beam Design Full Far-Field 10 b)

Two Beam Design Full Far-Field 1.0 C) Three Beam Design Full Far-Field 10

1501

6 (Out of plane angle)
6 (Out of plane angle)
6 (Out of plane angle)

0
0 100 200 300

0 100 200 300
¢ (In plane angle) ¢ (In plane angle) ¢ (In plane angle)

0 100 200 300

Figure 5.11: Full far—field radiation patterns of the designs presented in Figures
5.8, 5.9 and 5.10. White dashed line indicates the plane in which farfield
measurements are taken.

radiation pattern in the measurement plane, however there is significant
radiation in out of plane directions. For example, there is a large lobe at
around ¢ = 280°,6 = 150°.

Finally, we examine the effect of structuring the radiation pattern upon
the mismatch loss of the emitter. These measurements are shown in Figure
5.12. In all cases we see that the effect of structuring the radiation pattern at
7 GHz is to reduce the efficiency of emission. This effect was also observed
in the example consider at the start of Chapter 4, shown in Figure 4.2. To al-

leviate this, one could employ the multi-objective optimisation framework
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Figure 5.12: Measured reflection loss for the designs shown in Figures 5.8, 5.9
and 5.10. In all plots, the the reference of the antenna in free space is included. The
working frequency of 7 GHz is indicated by the vertical red line.

presented in Chapter 4 to optimise both radiation pattern and power emis-

sion, although the system considered for experiments has fewer degrees of

freedom that that considered in Figure 4.2.

5.6 Sources of Error

While the experimental results of the previous section show clear proof of
concept, experimental and theoretical results do not perfectly align. Many
steps in constructing the both the experiments and the semi-analytic design
framework introduce non—negligible sources of error. In this section, we
examine some of the key sources of error and consider how they have been
addressed or could be further ameliorated.

Firstly, we consider the strength of the dipole approximation in correctly
describing our system. This is a similar investigation to that presented in
Section 3.11 of Chapter 3 and Section 4.6 of Chapter 4. The scatterers are
treated as point dipoles, however have a length that is ~ A/2 and a radius
that is ~ A /20. To check how well the dipole approximation works, we ex-
cite two scatterers with a point dipole source, polarised in the z direction.
Varying the separation d between the scatterers we track the error between

the far—field radiation pattern predicted by the point dipole approximation
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and full-wave simulations in COMSOL. Error is characterised by the resid-
ual sum of squared differences (RSS). The result of this study is shown in

Figure 5.13. One can observe that for large separations the error is small,

a) B Rel[E,] C) 10 Far-field RSS Error
8
i,
6
(%]
S o . @I . | ——- COMSOL N 9
| —— Analytics 4
—1. - )
_2 0 —t
2 -1 0 1 2 5 10 15 20

X/A Separation (Units of rod radius)

Figure 5.13: Investigating the strength of the dipole approximation. a) Exciting
two rods of radius r with a point dipole source oriented in the z direction, the two
scatterers are kept at x = 1.5\ while the y distance d (in units of scatterer radius)
between them is varied. b) Comparing the far—field predicted by the point dipole
approximation with full-wave simulations in COMSOL, the error between the two is
characterised by the residual sum of squared error (RSS), indicated in red. c) The error
as a function of rod separation indicates that the dipole approximation works poorly
when d/r < 5, when the near—fields couple. For larger separations, the dipole
approximation has a consistent error of the order ~ 0.1.

but not zero, even though we consider only two scatterers. Above separa-
tions of d/r ~ 5 (where r is the radius of the scatterers) the error is on the
order of 0.1. As expected, for smaller separations d/r < 5 the error becomes
large as the near-fields of the scatterers interact more strongly. The near
fields of the scatterer are expressive of the exact geometry, which is an effect
not captured in the dipole approximation where the scatterer is assumed to
be a point. From this, we conclude that the dipole approximation works
well provided that the scatterers are not too close, however is not perfect.
For large numbers of scatterers, this error will be compounded. It should
be noted that the minimum separation between the rods in the designs pro-
posed in the previous section is d/r ~ 10.

As well as the inevitable limits of the dipole approximation, several

other steps in constructing the semi-analytic design framework introduce
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error. The dielectric properties of the foam were measured and confirmed
to match the values taken from the data sheet [133]. However small un-
certainties may persist, leading to shifts in the resonances of the rods i.e.
the peak of ar will be shifted downwards as ¢ increases. Additionally, the
properties of the emitter might have small errors in their representation.
Modelling the emitter in COMSOL might introduce small numerical errors,
then the fields must be exported and interpolated for use in the design pro-
cedure. This may introduce additional interpolation errors. While individu-
ally small, combined these effects might produce notable differences in the
tields and radiation patterns. Although each of our simplifying assump-
tions introduces errors, it should be noted that the design of the structures
presented in the previous section is intractable using full-wave simulations.
Modelling the systems in COMSOL requires around 200 GB of RAM and
simulations take around 3 hours. The ~ 500 iterations required for the op-
timisation procedure would therefore take around 60 days on a specialist
computer. Conversely, our simplified framework uses only ~ 500 MB of
RAM and runs in ~ 8 hours on a modest laptop.

In addition to the difficulties of modelling our system, the experimen-
tal procedure itself has several inherent challenges. Reflections within the
anechoic chamber are a key concern, as they would destroy the radiation
pattern. These were checked for by keeping the detector fixed, then mea-
suring the radiation pattern of the sample. The sample is then rotated to
a different starting position and measured again. If reflections are present
then we expect a feature to appear at a fixed angle that is not affected by
the rotation of the sample. This test is shown in Figure 5.14, demonstrat-
ing that no significant reflections were found. The other main experimental
challenge is the alignment of the sample. If the sample is not mounted flat

on the rotating table, then the radiation pattern will be slightly tilted. Laser
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a) 90° b) 90°

180

270° 270°

Figure 5.14: Checking for reflections within the anechoic chamber. a) The
radiation pattern of the structure is measured from two different starting angles. If
reflections are present, we would expect a feature to appear at an angle that does not
depend upon the sample orientation. b) Rotating the two measurements onto each
other, no persistent features are observed.

alignment was used to attempt to alleviate this and the reasonable spread of
the beam above and below the plane of the emitter, evident in every panel

of Figure 5.11, should make the measurements robust to small tilts. Never-

theless, the effect of this cannot be completely discarded.

5.7 Summary & Conclusions

In this chapter we have experimentally verified the utility of our proposed
method for designing antenna. Taking for inspiration the Yagi-Uda an-
tenna, we aimed to design and realise structures made of metal rods ar-
ranged around an emitter that could shape the far-field in non—trivial ways.
We showed that radiation can be focused into beams at particular angles, of
particular widths and amplitudes. Our devices express far more control
than conventional Yagi-Uda antenna. Crucially, our semi-analytic frame-
work has enabled the design of devices that would be otherwise inaccessible

to numerical treatment.
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While our theory is strongly predictive of experimental measurements,
some differences remain. Several sources of error, both in the experiment
and modelling have been discussed. Differences in material parameters,
and the several numerical and interpolation steps are consider the key sources
of error in this work.

To extend these results further, multi-functional devices could be de-
signed using the framework of Chapter 4. However, the current implemen-
tation contains only the z component of the field. The ability to manipulate
multiple components as well as the magnetic field would provide redun-
dancy in degrees of freedom, providing more freedom to manipulate the ra-
diation. This would require scatterers that have both electric and magnetic
resonances, or could perform frequency conversion. Switching behaviour
could be added by including PIN diodes into the scatterers, so they are
either resonant or shorted. How such a system would be electrically con-
trolled without interfering with performance or measurement remains an

open question.
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“...the developed method standing alone does not present scientific interest.
Furthermore, the research topic addressed in the manuscript does not seem to be of
interest to the broad optics and science community...” — A Deputy Editor of
Optica

The results of this chapter have been published in:

* J. R. Capers, D. A. Patient, S. A. R. Horsely “Inverse Design in the
Complex Plane: Manipulating Quasi-normal Modes” Phys. Rev. A
106 053523 (2022).

All work was done jointly with D. A. Patient. Both authors contributed

equally to the work of this chapter.
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Many photonic devices rely on resonances to give a strong response.
The frequency and linewidth of these resonances is determined by the re-
fractive index and geometry of the resonator. Inverse design of photonic
systems has attracted much attention over the previous decade, however
little attention has been paid to how to manipulate the exact properties
of resonances. In this chapter, we utilise the fact that the frequency re-
sponse of a photonic device is directly related to the complex frequencies
of the quasi-normal modes of the resonator. We present two methods
to manipulate the locations of these modes, allowing for the control of
frequency and linewidth simultaneously. Firstly, we employ an ‘eigen-
permittivity’ method, to find how to shift the permittivity of a material
so a quasi-normal occurs at a particular complex frequency. While this
method is simple, it only allows for the manipulation of a single mode.
To manipulate multiple modes, we develop an iterative procedure based

on quasinormal mode perturbation theory.

6.1 Introduction

In the previous chapters we designed many structures built from resonant
scattering elements. We chose to work at the resonant frequency of the scat-
terers as this is where the scattering response is strongest. The actual wave-
length at which the scatterers are resonant is fixed by their geometry and
material properties. In this chapter we consider applying inverse design
techniques to the problem of manipulating the position and character of the
resonances of photonic structures.

A very wide range of photonic devices rely on resonances for their oper-
ation. Some of the early examples of metamaterials relied upon plasmonic

resonances [134, 135]. These are the collective resonances of electrons in
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metals. Such resonances have been used to realise a wide range of phenom-
ena such as cavity tuneable lattice resonances [136], optical antennas [80],
breaking Snell’s law [50] and extreme field confinement [137]. However,
at optical frequencies plasmonic resonances exhibit very high losses [138],
limiting the efficiency of devices that rely upon them. Instead, materials
based on dielectric Mie resonances [138-140] have become ubiquitous. Not
only are the associated losses lower, nanofabrication of silicon has been de-
veloped by the electronics industry for decades and is now very advanced.
As such, dielectric photonic devices have been built to e.g. control spon-
taneous emission [85] and construct antennas for light [141]. In dielectric
systems there is a rich landscape of resonances is available. Interfering dif-
ferent multipoles can achieve, for example, invisibility due to the Kerker
effect [142].

We will see in the next section that radiating resonant modes are charac-
terised by complex wave-numbers, meaning that they grow in space. Con-
sequently, deciding how to normalise them is not trivial, but required if one
is to develop expansions or a perturbation theory for them. As such, there
has been much theoretical work on developing both perturbative treatments
[143, 144] and expansions of physical quantities in terms of the complex fre-
quency resonances of specific systems such as spheres [145] as well as gen-
eral open resonators [146, 147]. The mathematics of how to include ‘killing
functions” [148] into numerical simulations to make the normalisation of
these modes easier is also an open problem. With such expansions, one can
determine the effect of specific resonances on measurable quantities such
as the Purcell factor [149]. Despite recent progress, some problems remain
with these approaches. For example, the set of resonant modes do not form
a complete basis. Recent insight from Chen et al. [150] shows that this

problem can be avoided if one keeps the wave-number real but extends the
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permittivity of the structure into the complex plane. One can then expand
in a complete set of bound states that are perfectly normalisable.

Beyond deriving field expansions in terms of quasi-normal mode fields,
there are many reasons one may want to change the location and width
of a resonance. The locations of resonances link directly to energy absorp-
tion: efficient energy harvesting requires high absorption over a large fre-
quency band [151-155], while sensing requires narrow resonances at par-
ticular wavelengths [156-159]. However, little attention has been given to
how to algorithmically design structures that exhibit resonances of particu-
lar widths at particular frequencies. Many current methods involve manu-
ally sweeping over geometric parameters to see how the resonances move
[160-162]. Such procedures are slow and require many full-wave simula-
tions. More recently, efforts have been made to apply perturbation theory
[163] to efficiently explore parameter spaces. Expressing the optimisation
problem in terms of the resonances of a system has a number of key benefits.
Firstly, the optimisation procedure and result are easy to interpret as the en-
tire paradigm is based on where resonances are located. Secondly, typically
only a few resonances contribute to the response of a resonator over a small
frequency band. This means that one only has to tune a few resonances,
rather than consider full-fields as the adjoint method usually requires. It
is only very recently that algorithmic methods for manipulating the loca-
tions of complex frequency resonances have emerged [164]. Such methods
still require full-wave simulations to find the resonances, then perturbation
theory can be used to evaluate their sensitivity to geometric parameters.

In this chapter we derive two methods for placing resonances of pho-
tonic systems at particular complex frequencies, allowing for the determi-
nation of both their resonance frequency and their spectral width. We begin

by discussing the properties of the modes we would like to manipulate,
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and comparing multiple analytic and numerical methods for finding the
resonances. We then develop a method based on the insight on Chen et al.
[150] to determine an offset one can apply to the permittivity of a structure
to place a particular resonance at a particular complex frequency. Next, by
employing perturbation theory, we formulate an iterative procedure for de-
signing graded index resonators with multiple resonances placed at desired
complex frequencies. Initially, these ideas are formulated by considering di-
electric slabs. We then extend this to consider radially symmetric resonators
in 2D and 3D. Manipulating the resonances of radially symmetric resonators
allows us to choose the multipolar character of the mode we move as well,
making our method relevant for sensing as well as in the design of dielectric

resonant antenna.

6.2 Quasi—-Normal Modes: What and Why?

We will consider transverse electric fields propagating in 1D so that E(z) =
¢(z)&. The boundary conditions are therefore that the electric and magnetic
fields are continuous across a material boundary [15]. We will assume that
all of our materials have y = 1, so we must impose that ¢(z) and 0.¢(z) are
continuous across boundaries. As was shown in Section 2.2, we can then

consider solutions to the 1D Helmholtz equation

2,
(72 +#) o0 =0, (61)

of the form

p(x) = . 6.2)

If k is purely real, the solutions are just propagating plane waves. However

if k is complex, with k = k' 4 ik”, then the solution is made of a complex
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and real exponential

p(x) = X ¥e K%, (6.3)

The sign of k" dictates whether the exponential grows or decays: when
k" > 0 the mode is localised (bound), while when k" < 0 the mode grows
exponentially, leaking energy. For better physical insight, we put back the
time—dependence of the solution to the wave equation, where now the fre-
quency has inherited the complex nature of k through the dispersion rela-
tion w = ck = w’ 4 iw”. Throughout, we will use w, k and A = 27t/k inter-
changeably and assume they all become complex when we are discussing
quasi-normal modes. The different physical quantities will be useful for

describing different systems. With this, the full solution is then
(P(t,x) _ ei(k’x—w’t)e—k”x—l—w”t. (6.4)

Now, when k”,w” < 0, we have a solution that has a propagating com-
ponent and a part that grows in space but decays in time. These traits are

characteristic of a quasi-normal mode (QNM). One can imagine a bell be-

Figure 6.1: Schematic example of a quasi—normal mode. When a bell is struck,
the initial amplitude of oscillation is large, producing radiating waves of a large
amplitude. As damping within the bell reduces the amplitude of the oscillations, the
amplitude of the radiating waves also decays. The result is a wave that seems to be
growing in space, as a result of a temporal decay. The wavelength of the resonance is
related to the wavelength of the radiating modes, with the decay rate of the mode
being related to the rate of spatial growth.

ing struck at ¢t = 0. Initially, the bell rings with a large amplitude resulting

in sound waves of large amplitude moving outwards. At later times the
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amplitude of the bell’s oscillation decays, radiating lower amplitude sound
waves. Looking at the field at very long times, one sees the exponentially
growing field shown in Figure 6.1.

With this broad physical insight, we explore the quasi-normal modes of
a simple photonic system, considering the insight they provide. Perhaps
the simplest example of a system supporting QNMs is a homogeneous di-
electric slab (refractive index n, in some background index 7). To find the
quasi—-normal modes of a step of width L centered at x = 0, we calculate the

reflection coefficient » by considering

A (eikn,x+e—iknrx) |x| < L/Z
¢(x) = (6.5)

e—iknbx T reiknbx x> L/Z.

Applying continuity of the field and its derivative at x = L/2, we find that

1 _ pi2kLn,
where
er - nb
g = 6.7
0= 0 T (6.7)

is the Fresnel coefficient. We can analytically continue this function into the
complex plane, and consider for which k € C, r(k) — oo. In other words,
we can find the poles of (k). These occur when the denominator of (6.6)
vanishes, leading to an analytic expression [165, 166] for the poles

2mm +iln [(nr — )/ (n, + nb)z]

kL = o ) (6.8)

where m is an integer. Taking a slab of index 1, = 7w and a background with

index n, = 1, the system and the poles are plotted in Figure 6.2. Several
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Figure 6.2: Example of a understanding a photonic system in terms of its
quasi—normal modes. The system is shown in a): a dielectric slab of refractive index
n = 7t and width L = 1 has a wave incident from the right—hand side. Matching the
field and it's derivative at the edge of the resonator allows one to calculate the
reflection coefficient analytically, shown in b). Analytically continuing this into the
complex plane, we show c) only the magnitude and d) both magnitude and phase. We
see a row of simple poles, with their locations in the complex plane directly related to
the k associated with the quasi—-normal modes.

things are of note:

1. The poles of the reflection coefficient are located in the lower half of
the complex plane. This means that k” < 0, corresponding to a quasi—

normal mode.
2. Associated with each pole is a zero in the reflection coefficient at Re[k,,].
3. The width of the zeros in reflection is determined by Imk,].

Knowing at which complex frequencies the quasi-normal modes occur at al-
lows for the numerical calculation of the fields. It is also possible to do this
analytically for this particular system [166], however we will proceed nu-
merically. From our earlier discussion, we know that quasi-normal modes

must be purely outgoing at the edge of the resonator: they must fulfil the
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radiation condition [167], which for N dimensions is

0
. (N=1)/2 (9 . _
rh_{gor (ar zk> ¢(r) =0. (6.9)
In 1D, this becomes
d¢ .
— = +ik¢(x) (6.10)

dx

as x — =£oo . Back-integration can be used to find the field numerically.
Starting far away from the right-hand side of the sample, we set a field
¢ = eik"'”(x)x, where k;, corresponds to the quasi-normal mode we would
like to find the field of. We then integrate the 1D Helmholtz equation back
to x = 0 to find the field. As this problem is left-right symmetric, the field
on the left and right of the slab are identical. For a non-symmetric index
profile n(x), the same procedure could be applied, however one would need
to impose continuity of field to connect the solutions. Code to perform this

back-integration is given in Appendix A. The fields of the quasi-normal
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Figure 6.3: Fields associated with the quasi-normal modes of a dielectric slab.
These are obtained by solving the Helmholtz equation with outgoing wave boundary
conditions at particular complex frequencies.

modes of the slab, found using this method, are shown in Figure 6.3. The
modes exhibit the exponential growth in space that we expect.

Having characterised what quasi-normal modes are, we now consider
why they have attracted such interest across physics in recent years. With the

simple tools we have developed, more complicated systems can be analysed
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and understood with the help of quasi-normal modes. First used in quan-
tum mechanics to describe alpha decay [168, 169], quasi-normal modes
have since found utility in modelling radiation in many different systems,
from black holes [165], photonic resonators [166] to leaky waveguides [170,
171]. Later in this chapter, we will consider how to design resonators that

have QNMs at particular complex k values. To motivate this, we explore
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Figure 6.4: Understanding a more complicated structure using the
quasi—normal mode framework. Sakurai et al. [172] designed the mirror—backed
multi—layer structure shown in a) to function as an IR absorber. The absorption and
reflection, shown in b), exhibit clear dips at around A = 5um. Extending the reflection
coefficient into the complex wavelength plane, a pole is found at A = 5.15 4+ 70.015um,
corresponding to a quasi—normal mode. Fitting a Lorentzian to the absorption peak, we
find that the spectral properties are directly related to the position of the quasi—normal
mode.

the multi-layer mid-IR absorber presented by Sakurai et al. [172], shown
in Figure 6.4 a). This is a multi-layer structure, designed using a genetic
algorithm, to absorb at partiuclar wavelengths. Shown in Figure 6.4 b), is a

clear peak in absorption (and corresponding nadir in reflection) at the target
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wavelength of around 5 ym. We analyse the reflection coefficient by extend-
ing it into the complex wavelength plane. This is equivalent to extending
k into the complex plane, as k = 27t/A. Rather than expecting QNMs to
appear in the lower half of the complex plane, we now expect them to ap-
pear in the upper half. The design procedure utilised in [172] employed
little physical insight, however by looking at the reflection coefficient of the
structure as a function of complex wavelength we can understand why the
structure performs so well. Figure 6.4 shows a pole at the complex wave-

length A = 5.15 + i0.012 ym. Fitting a Lorentzian of the form

r
= 11
£ (A —Ag)%2+T17 (6.1
to the absorption peak, we find parameters
Ap =515 uym I' = 0.0129 ym. (6.12)

The location of the quasi-normal mode in the complex wavelength plane
directly relates to the properties of the resonance. This connection is a gen-
eral property of quasi-normal modes at has been utilised to decompose the
physical properties of a system into the quasi-normal modes [166]. For ex-
ample, the effect of a structured environment upon the Purcell factor of an
emitter can be decomposed in terms of the QNMs of the system [146], and
through calculating how small changes in the system perturb the QNMs,

deeper insight into sensing has been developed [173, 174].
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6.3 Finding Quasi—-Normal Modes Analytically

In the previous section, we outlined how to analytically find the quasi-
normal modes of a 1D slab. The central idea was to find the complex wave-
numbers at which the scattering (or reflection) coefficient had poles. This
idea extends straightforwardly to higher dimensions and provides a useful
way to analytically find the quasi-normal modes of uniform systems. We

will consider the scalar Helmholtz equation
(V2 +K2) p(r). (6.13)

Due to the extraordinary generality of wave phenomena, outlined in Section
2.1, this describes many types of time—harmonic waves including: pressure
waves [7], single components of the electromagnetic field [15], longitudinal

and transverse components of elastic waves [9], and even black holes [165].

6.3.1 2D: Cylinders

Consider a cylinder of index n and radius a.

<v2 + k2n2> ¢(r) =0 (6.14)
Where in 2D cylindrical coordinates the Laplacian is

2 19 1 92

2__ —_—— [ —
Vv _8r2+rar+r2892'

(6.15)
As for the 1D slab, we consider the scattering of a plane wave from the
cylinder and aim to find the expansion coefficients. To this end, we write
the incident field as

(Pi(r) — pikx — eikrcosé/ (6.16)
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the scattered field as

Yo amH,S})(kr)eim6 r>a
¢s(r) = (6.17)
Y b (nkr)e™® v < a.

Our choice of functions to decompose the scattered field into ensures that
¢s(r = 0) does not diverge and that as r — oo, the radiation condition is

met. The asymptotic form of the Hankel functions of the first kind [175] is

1N

im H () ~ ) el 5), (6.18)

Z—00 7tz

which is manifestly an outgoing cylindrical wave. To find the expansion
coefficients ay,, by, we re-write the incident plane wave using the Jacobi-

Anger expansion [175]
eikr cost _ Z Zm]m (kr)eim(), (6.19)
m

then impose continuity of the total field ¢(r) = ¢;(r) + ¢s(r) and its deriva-

tive at r = a. This yields

0y — —jm_Jm(ka) Iy, (ka) — 1] (ka) ], (1ka)
Jn(nka)H, (ka) — nHY (ka) Jt, (nka)”

(6.20)

where primes denote derivative of the Bessel function with respect to the
argument. Equation (6.20) is the cylindrical scalar field equivalent of Mie’s
multipole expansion that was derived in Section 2.5. This is the scattering
coefficient for the m' partial wave. As with the 1D case, the quasi-normal
mode frequencies k;, occur when the scattering coefficient has a pole in the
complex plane. Standard root-finding methods (i.e. Newton’s method) can

find the complex k values for which the denominator of (6.20) vanishes. This
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allows us to find the locations of the quasi-normal modes corresponding to

specific multipoles: m = 0 is the monopole, m = 1 is the dipole and so on.

6.3.2 3D: Spheres

Considering the same scattering problem, now for a sphere of radius 4 and

index n, the Helmholtz equation is
(V2 +122) g(r) =0, (6.21)

where the Laplacian is written in spherical coordinates

19 (20f 1 9 (. ,of 1 &f
f=5a (s - = = 22
vy r2or (r ar) T 2sing a0 (sm@ae) + 72 sin2 0 9¢2’ (6.22)

with azimuthal angle ¢ and polar angle 6. As before, we consider the scat-

tering of a plane wave, so the incident field is
4)1_(,',,) — eikz — eikrcosG. (6.23)
We decompose the scattered field as

Yom ag,mhél) (kr)P}*(cos 0)eime
Ps(r) = | (6:24)
Yt bemje(kr) P (cos ) e™?

and the incident field into

eikrcos@ _ 2(25 + 1)iéjg(kT)Pg(COS 9), (6.25)
1

where f1,(1) is the spherical Hankel function of the first kind, jy is the spher-

ical Bessel function, P;" are the associated Legendre polynomials. Once
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again, the asymptotic forms of the spherical Bessel and Hankel functions

L

Z
lim ) ~ ey (6.26)
(1) 16"
zlgg hy'(z) ~i 17, (6.27)

guarantee that the scattered field does not diverge and that the radiation
condition is met. Applying continuity of the total field and its derivative at

r = a, we find that

je(nka)j
jo(nka)h'!

i (ka) — njg(ka)j)(nka)
)

— it (oy )
(2+1) (ka) — nhV (ka)j, (nka)

(6.28)
Aside from the initial pre—factor, this is the same as the case of the 2D cylin-
der (6.20), with the Bessel and Hankel functions exchanged for the spherical
Bessel and Hankel functions. Once again, Equation (6.28) is the spherical
scalar field equivalent of Mie’s multipole expansion that was derived in
Section 2.5. Root finding can then be used to find the complex k values

for which the denominator of (6.28) vanishes.

6.4 Finding Quasi—-Normal Modes Numerically

In the previous section, we outlined how to find the locations of the quasi-
normal modes of uniform slabs, discs and spheres. For graded media, ana-
lytic solution is no longer generally tractable so numerical techniques must
be employed [176]. Here, we outline some simple finite difference schemes
that can be used to find the locations of quasi-normal modes of certain
graded systems. We then show how one can use finite element packages,
such as COMSOL, to find the quasi-normal modes of any systems. While

we make use of finite difference schemes, spectral methods [177] can also
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be used find the complex frequency resonances of a system. These meth-
ods have the benefit of using the whole grid to evaluate derivatives, rather
than just neighbouring points as with finite difference methods. For concep-
tual simplicity we will proceed using finite difference methods, although fu-
ture extensions might include developing spectral methods to manipulate
quasi-normal modes.

To find quasi-normal modes numerically, one must formulate the Helmholtz
equation as an eigenvalue problem for the wave-number k by discretising
the Laplacian operator. There is, however, a key difficulty: the eigenvalue
itself k is embedded within the Laplacian operator, as one must also impose
the radiation condition at the boundary. As we will see, one must linearise
the resulting expressions in terms of k, allowing for a quadratic eigenvalue

problem [178] to be formed.

6.4.1 Finite Differences in 1D

To find the quasi-normal modes of a given permittivity ¢(x), we must dis-
cretise the wave-operator and impose the correct boundary conditions. Be-

ginning from the 1D Helmholtz equation

d? ’
we use the usual finite difference discretisation [43] the Laplacian

2 0o (Pn+1 — 24)11 + (Pn—l
V2 ~ A , (6.30)
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where ¢; = ¢(x;). Discretising space into only 4 points, we can write this in

matrix form as

—2 1 0 0) (¢

$2
de>  (Ax)* | o 1 _o 1 3

(oW
N
<
—
—_
|

N
—_
(@)

|
Q

(6.31)

0 0 1 -2/ \¢,

This has the boundary condition that ¢ = ¢5 = 0. Instead we would like

to impose the boundary condition on the right-hand side that

dp .
and on the left-hand side that
dp .

These are the Sommerfeld radiation conditions [167], which impose that en-
ergy cannot enter the system from infinity and the energy radiated by the
system must scatter to infinity. Taking only the right-hand side we re-write

the derivative using finite differences, then can re-arrange for ¢,

(Pn—i-l — (Pn .

Ppi1 = (ikAx + 1)y (6.35)
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Using this expression to eliminate ¢,, 1 in (6.30), we obtain a modified Lapla-

cian matrix

(kbx—1) 1 0 0 n
2 1 2 1 0
% ~ Al . P (6.36)
xt (Ax) 0 1 2 1 3
0 0 1 (kax—1)) \gu

This now has the outgoing wave boundary condition at the edge of the slab.
To formulate the eigenvalue problem, we split this matrix into a part that

is linear in k and a part that does not contain k. Defining

L=— (6.37)

iAx 0O
1 0 0

0
0 6.38

Al o 00 o0 (639
0

0 0 iAx
the finite difference Helmholtz equation with outgoing wave boundary con-

ditions becomes

(E YKL+ kzs(x)> ¢ = 0. (6.39)
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This has the form of a quadratic eigenvalue problem [178] for k. If we define

a new vector (¢, k¢)”, we can form the eigenvalue problem as

0 ! Pl 7. (6.40)

—L/e(x) —L'/e(x)] \ k¢ ke

One can form this linear system and solve it using standard linear algebra
methods [43] for the eigenvalues k, which give the complex frequencies at

which the system supports a quasi-normal mode.

6.4.2 Finite Differences in 2D

We now formulate the method for 2D cylindrically symmetric permittivity

profiles. The Helmholtz equation in 2D is

? 1o 13
(ﬁ + ;g + F_ZW +k 8(7")) (P(T) = 0. (6'41)

We begin by separating the radial and angular variables using the ansatz

o(r,0) = $(r)e™?, (6.42)
giving
92 P} 2
(W %5 — ”:_2 + kzs('r)) ¢(r) =0. (6.43)

We then make the substitution

_ ()
P(r) = NG (6.44)



170 Chapter 6. Manipulating Quasi—-Normal Modes

which removes the first derivative

92 2
(ﬁ + ﬁ -+ kze(r)) p(r) = 0. (6.45)

The scattering boundary condition we must impose at r = a is that

¢(r = a) = Hy (ka), (6.46)
SO
p(r = a) = v/rHY, (ka). (6.47)
This means that o
o 1 Hy,’ (kr)
or ¥(r) (2_r +k%) . (6.48)

This is the 2D equivalent of the ¢’ = ik¢ boundary condition we had to

apply in 1D. To keep notation compact, we define

1 HY (kr)

To find how to modify the Laplacian matrix, we proceed as before, asserting

thatatr = a

¢n+1 - Ebn o
Ar = Puy(k,a) (6.50)

Pus1 = Pu(1+ Ary(k,a)). (651)

Just plugging this into the Laplacian operator, however, will not allow us to
set up the eigenvalue problem, as the eigenvalue k is still contained within

the function 7y (k). To linearise the system, we Taylor expand 7y (k) around a
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particular complex k, and group terms in powers of k

v(k,a) = vy(ky,a) + (k — ki) Ogy(ke,a) + ... (6.52)
= y(ks,a) — ki0y(ky, a) + kogy(ky, a) (6.53)
— A+kB. (6.54)

The derivatives of 7y (k,a) with respect to k can be computed numerically

using complex differentiation [179], or analytically as

) — o ) o T Gor) (Hﬁ,ﬁ’(k@)z 655
T ED () HY (kr)  \HY (k) ) | |

Utilising this, we find that the boundary term in the Laplacian is

Pni1 = Pu(AAF + 1) + kBArip,. (6.56)

This leads to the modified Laplacian operator, with the correct outgoing

boundary condition at » = 4, which is

o b : (6.57)

0 0 1 (AAr—1)+kBAr
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Splitting this into parts that are linear in k and parts that do not depend on

k, we define

-2 1 0 0 000 O

1 1 -2 1 0 1 000 O
EIF ’ E,:F

1o 1 =2 1 loo0oo0 o0

0 0 1 (AAr—l) 0 0 0 BAr

The 2D cylindrical Helmholtz equation with out-going wave boundary con-

ditions is thus

£+k£’+i—m—2+k2() (r)=0 (6.59)
2 72 e(r) | g(r)=0. .

The quadratic eigenvalue problem is therefore
=k . (6.60)

6.4.3 Finite Differences in 3D

We now consider the same problem as the previous section in 3 spatial di-
mensions, so the resonators are spherical. In spherical coordinates, with a
solution of the form x(r) = x(r)Y;"(6,¢), the Helmholtz equation can be

written as
?x 20x I(1+1)

2t g~z X+ Re(r)x(r) = 0. (6.61)

Making the substitution xy = ¢/r to eliminate the first derivative, this be-

comes
o’y I(1+1)
or? r2

¥+ Ke(r)p = 0. (6.62)
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The boundary condition for an outgoing wave is

xX(r = 00) = bV (kr), (6.63)

p(r — o0) = iV (kr). (6.64)

Using this to calculate the boundary condition in terms of the derivative, we

find that
W nY (kr)
== =Ry (kr) |1+ (kr) = (6.65)
o g (kr)
1 hg”’(kr)]
=19 |- +k———| = pvy(k). (6.66)
[f ! (kr)
Using the same boundary condition as for the 2D case
Vi1 = Pu(1+ Ary(k)), (6.67)

although with a slightly different expression for (k). Linearising, we ap-

proximate (k)

¥(k) = y(ks) + (k — ki )ogy (ki) = A+ kB, (6.68)

where A = 7y(k,) — k.9xy(k,) and B = 97y (k). Defining

2 1 0 0 000 O
1 -2 1 0 . 1 |000 0
L=+3 , L=73
1o 1 =2 1 1o 00 o0
0 0 1 (AAr—1) 0 0 0 BAr

(6.69)
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we can split the Helmholtz equation into

(/: kL — l(l%l) + kzs(r)> p =0. (6.70)

Which can be formed into a quadratic eigenvalue problem

0 ! Yok Y. (6.71)

—%(ﬁ—l(lJrl)/rz) —L'/e(r) ] \ky kyp
As our eventual aim is to manipulate the quasi-normal modes of spheres
and cylinders by grading them or by shifting their permittivities, it is essen-
tial we are able to calculate the locations of the quasi-normal modes. The
expressions derived in the previous two sections enable this for both cylin-
ders and spheres. While Mie theory can be used to calculate the complex
positions of the resonances for isotropic spheres, (6.60) and (6.71) allow us
to calculate the quasi-normal modes of isotropic and graded spheres and

give us the field of the mode ¢ at the same time.

6.4.4 Finding Quasi—-Normal Modes with COMSOL

Another way to find the eigenmodes of a system is to use finite element
solvers, such as COMSOL. This provides a useful validation for the analytics
and numerics we have developed in the previous few sections. Setting up a

COMSOL model to validate our results involves four main steps:

1. Set up the geometry. If we consider the example of the cylinder, this
means we need to define a cylinder of radius 4, along with an air box

outside it.



6.4. Finding Quasi-Normal Modes Numerically 175

2. Define the materials. For our examples, We set the permittivity of the
cylinder to be ¢ = 4. COMSOL’s material library contains the proper-

ties of air.

3. Set the boundary conditions. In order to solve Maxwell’s equations the
boundary conditions must be specified. We only impose the radiation
(Sommerfeld) condition at the edge of the mode. This is equivalent to
the modification of the final element of the matrices in the previous
sections to enforce the out going wave boundary condition. We must
also add a perfectly matched layer (PML) to simulate scattering into
free space. This ensures that there is no reflection from the edges of

the computational domain.

4. Build the mesh. The system is discretised into small triangles. The
size of these should be small enough to resolve the wavelength (i.e.

minimum mesh size ~ A /6.

Following these steps for a cylinder of radius 4 = 550 nm and permittiv-
ity ¢ = 4 we arrive at the COMSOL model shown in Figure 6.5. A very
similar procedure can be followed for the sphere. The material domains
and boundary conditions are shown in Figure 6.5 a) with the mesh shown
in Figure 6.5 b). It can be noted that the mesh breaks the cylindrical sym-
metry of the resonator, affecting the modes that are found. Some of the
eigenmodes this model finds are shown in Figure 6.6. Each mode has the
correct character (i.e. I = 1 is a dipole etc.) and the frequency it occurs at
matches with the analytic results shown in Figure 6.7. However, the modes
are often found in pairs. This is due to the broken symmetry lifting the de-
generacy of the eigenmodes of the system. Rather than a single / = 1 mode
at f 97 +i21 THz, two modes are found very close to this frequency. Also

visible in Figure 6.6 is a drawback of using COMSOL to find quasi-normal
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Scattering boundary b)
condition

Figure 6.5: Finding quasi—normal modes in COMSOL. a) shows a schematic for
how one sets up an eigenfrequency model in COMSOL to find quasi—normal modes. A
resonator of permittivity € is placed inside an air box, bounded by a perfectly matched
layer (PML) to simulate radiation into free space. At the edge of the PML must be a
scattering boundary condition, equivalent to the Sommerfeld radiation condition. The
mesh, shown in b), should be fine enough to correctly resolve the wavelength in each
material domain. This means it should be finer within the dielectric material.

modes. Since quasi-normal modes grow exponentially in space away from
the resonator, the field magnitude at the internal PML edge is large. This
means that the PML can fail to totally eliminate the reflections, shifting the
eigen—frequencies. As the growth of the quasi-normal mode is dictated by
Im[k], when this is large the growth is large and the numerical error is likely
to be larger. Figure 6.6 shows this: all of the fields are plotted on the same
colour scale, and the modes with smaller / have visibly larger fields within

the PML layer.

6.4.5 Comparing the Methods

Figure 6.7 shows the comparision between the analytical, matrix and COM-
SOL methods for finding the quasi-normal modes of radially symmetric
systems. Figure 6.7 a) shows the results for an infinite cylinder of radius

a = 550 nm and permittivity e = 4, while Figure 6.7 b) shows the results
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Figure 6.6: Fields of the quasi—-normal modes of an isotropic dielectric cylinder.
The structure we have modeled is shown in Figure 6.5.

Field Magnitude
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Figure 6.7: A comparison of different methods for finding the quasi—normal
modes of isotropic cylinders or spheres. a) shows the comparison for a cylinder, and
b) for a sphere.

for a sphere of radius 2 = 550 nm and permittivity ¢ = 2. All methods

agree well, with some COMSOL points exhibiting larger error, due to the
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issues discussed in the previous section. It should be noted that the ma-
trix method and COMSOL can find the mode locations for radially graded
resonators too, while the analytics cannot.

Now that we have discussed in detail how one can find the quasi-normal
modes of many different systems, we proceed to manipulate the properties
of the resonator to place quasi-normal modes at desired frequencies. We

begin with slabs of dielectric.

6.5 Moving the Quasi-Normal Modes of 1D Slabs
by Finding Eigen—Permittivities

As we noted in the previous sections, finding the quasi-normal modes of
general systems can be challenging [176]. To avoid solving a non-linear
eigenvalue problem problem, Chen et al. [150] proposed, one could work in
terms of real wave-numbers but extending the permittivity into the complex
plane. Employing the insight of Chen et. al., we write the permittivity as a
spatial variation plus a constant background e(x) = es(x) + ¢, allows us to

recast the Helmholtz equation as an eigenvalue problem for the permittivity

2
- (i + P o) = erg(). ©72)

Rather than using this to find the QNMs of a system, we show that this can
be used to design the complex frequencies of the QNMs.

To do this, we take a known spatially varying permittivity, such as the
dielectric step or absorber stack e.g. from [172], and choose a k € C at which
we would like a QNM to occur. We then numerically solve the eigenvalue
problem Eq. (6.72) using the finite difference method Eq. (6.36), along with

standard matrix libraries, to find a complex eigen—permittivity that allows
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us to form a structure with ¢(x) = &s(x) + ¢, with a pole at the chosen
complex frequency.

We first apply the method to the homogeneous slab. In Fig. 6.8 we design
the new structure to support a QNM at the frequency k = 1.5 — 0.05i. For the
N x N Laplacian matrix, there are N possible values for ¢, that will satisfy
this condition. Taking the lowest absolute valued background (to minimise
numerical error) permittivity ¢, = —4.99 — 2.32i, we find that the new struc-
ture now supports a QNM at our chosen k. This is shown in Fig. 6.8(a). The
transmission, Fig. 6.8(b), shows a large peak at the real frequency associated
with the QNM and has values |t| > 1 due to the gain that has been added
to the system. Although the location of the pole can be manipulated solely
by changing the height of the barrier, in order to manipulate the real and
imaginary parts independently, control over both the real and imaginary
permittivity is required. As might be anticipated, in order to move a pole
closer to the real frequency axis, without changing the resonant frequency,
gain is required. Conversely, loss is required to move the pole further away
from the real axis. The field profile, shown in Fig. 6.8(c), still has the expo-
nential growth characteristic of QNMs.

Next, we apply the same eigen—permittivity method to the absorbing
stack shown in Figure 6.4 a). For this structure, we must take care that the
correct boundary conditions are imposed. The opaque metal substrate re-
quires the Dirichlet boundary condition ¢ = 0, while the outgoing wave
boundary condition must be imposed at the top of the stack. Choosing
two target bandwidths, for the same resonance wavelength, A; = (6.5 +
0.03i)um and A, = (6.5 + 0.157) um, we obtain background permittivities of
ep1 = 3.27 — 0.01i and €}, , = 3.28 + 0.29i. The effect of the background shift

on the pole locations is shown in Figure 6.9(a-b). Accordingly, the poles are
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Figure 6.8: Shifting the resonances of a dielectric slab. A background permittivity
ep = —4.99 — 2.32i is found as a solution to Eq. (6.36) which, when combined with the
original structure 5(|x| < L/2) = 7% will contain a pole at the desired complex
frequency of k = 1.5 — 0.05i. The reflection coefficient of the new structure is plotted
in the complex plane (a). The transmission along the dashed white line, where

Im[k] = 0 is plotted (b), alongside the field distribution plotted at the complex
frequency k (c). Overlaid on the transmission calculations are results found using

COMSOL Multiphysics [68].

found at the expected complex frequencies. The absorption, shown in Fig-
ure 6.9(c) plotted along the white dashed line (Im[A] = 0) is also provided,
with a fitted Lorentzian to extract the properties of the resonances and verify
that it corresponds to the QNM frequencies.

We can also apply this design procedure to impose the condition of co-
herent perfect absorption (CPA) at a given complex frequency. This can
be understood as the time reverse of QNMs [180] were the wave is purely
incoming rather than outgoing. The wavelengths at which a structure be-
haves as a perfect absorber are related to the locations of zeros on the real
axis, rather than poles. With our eigen-permittivity formulation, we can find
the background permittivity value required to make the device a perfect ab-

sorber at a frequency of choice. To do this, we simply take the outgoing
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Figure 6.9: Shifting the resonances of the a multi—layer absorber. The original
absorbing stack, shown in Figure 6.4 a) has been modified into two structures that
contain a QNM at Ay = (6.5 0.03i)ym and A, = (6.5 0.157) um respectively. The
former is close to the real axis, corresponding to a narrow bandwidth, while the latter
has a broader bandwidth. Plotted on (a) and (b) respectively are the reflection
coefficients in the complex plane, showing that a QNM is indeed located at the chosen
complex frequency. The absorption spectra of the two structures are plotted as a
function of real wavelength (c). Fitted Lorentzians in dashed red (blue) correspond to
fitting to the narrow (broad) resonance, verifying the complex frequencies of the QNMs.
For the broadband case, we must fit a sum of 3 Lorentzians to accurately model the
spectral profile, and obtain the correct fitting parameters.

boundary condition and replace it with the incoming boundary condition

dg(x)

= Fik¢p(x) (6.73)

as x — *oo. This changes the boundary elements in the Laplacian Eq. (6.36)
from ikAx — 1 to —ikAx — 1.

Applying the above changes to the Laplacian matrix, we can take e.g.
a slab of dielectric, and rather than choose a complex frequency, pick a
real frequency that we wish CPA to occur at. We take a dielectric slab of
length L = 1 and initial permittivity 772 and choose the arbitrary CPA fre-
quency to be 125 MHz. The resulting background permittivity required is
€p = —9.55 +1i0.63. To verify that there is coherent perfect absorption at

the chosen frequency, we construct the scattering matrix for the slab under
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incidence from the left and right side

scattered in
rp fR
o1 _ o1 ’ 6.74)

qt)?zcattered tp TR }?

noting that CPA occurs when an eigenvalue of the scattering matrix goes
to zero [180]. The scattering matrix can be constructed analytically from the
transfer matrix or found numerically in full-wave solvers such as COMSOL
[68]. In Fig. 6.10 we plot the smallest eigenvalue of the scattering matrix
of the slab as a function of frequency. A clear dip is seen at the desired
frequency. We also show field profiles both under incidence from only one
side and from both sides at different frequencies. Under incidence from
only the left side, one can see the usual interference between reflected and
incident field to the left of the slab and the constant transmitted field. Under
excitation from both sides, but away from the target CPA frequency one can
see reflection from both sides. At the target CPA frequency of 125 MHz, an

almost constant field amplitude is observed, indicating perfect absorption.
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Figure 6.10: An example of using our eigen—permittivity method to design a
structure that exhibits coherent perfect absorption (CPA). CPA is shown
schematically in a). Under incidence from one direction, the structure scatters in the
usual way, but under incidence from both sides reflection vanishes. We design a
permittivity step of length L = 1 of permittivity ¢ = 712 + (—3.98 +i 1.59) that
exhibits this behaviour at the desired frequency of 125 MHz. To verify this, we show b)
the smallest eigenvalues of the scattering matrix of the structure. Vanishing eigenvalue
indicates coherent perfect absorption. This can be clearly observed at the target
frequency of 125 MHz. The fields c), also indicate coherent perfect absorption. Under
excitation from one side or off of the target frequency, reflections are observed. At the
design frequency, there is a standing wave.
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Although simple to implement, this eigen-permittivity method only al-
lows you to choose the complex frequency of a single QNM. We now ex-
plore the possibility of applying an iterative method to move one or more
QNDMs to desired complex frequencies, by changing the spatial variation of

the permittivity profile.

6.6 Can we move more than one mode?

One might naively expect that the eigen—permittivity method can easily be
extended to move multiple modes. For a particular target wave-number k;,

we can write the eigen—value problem as

1

2 [V? + k?s(X)} ¢i = epi. (6.75)

We have included the index i on the Laplacian to indicate that it has been
modified to exhibit the out-going wave boundary condition associated with
wave-number k;. To try to find a permittivity shift that moves more than
one mode to a desired location, we can form a composite eigen—value prob-
lem

—jz [Vi+Ke(x)] 0 ") o [ e
=§&p . .

1 (24 32
0 2 (V3 +kse(x)] | \ ¢ $2
This system can be constructed and solved for the eigen—values, however
we find that each eigen—value only moves one of the two modes to the cor-
rect location. We demonstrate the behaviour in Figure 6.11. We choose,

arbitrarily, the two target wave-numbers to be

ki = 0.5 —i0.5, ky = 1.3 — i0.08. (6.77)
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Figure 6.11: Attempting to move more than one mode using our
‘eigen—permittivity’ framework. a) For one of the eigen—permittivities, one mode is
moved to the correct location, while the other mode has zero field, shown in b). c)
Taking a different eigen—permittivity, the other mode is moved to the correct location,
d) although the field associated with the second mode is zero. Looking at the norm of
the fields for different choices of eigen—permittivity, we find that a mode with non-zero
field is placed correctly, while the other mode has zero field associated with it,
representing a trivial solution to the eigen—value problem.

For some values of ¢, the first mode is placed correctly while for the others
the second is placed correctly. To understand why, we examine the eigen-
vectors of the matrix we are using to calculate ¢,. Figure 6.11 a), b) show
that when the second mode is placed correctly, only the ¢, part of (¢, ¢2)T
is non-zero. Similarly, when mode 1 is placed correctly only ¢; # 0, as
shown in Figure 6.11 c), d). It is evident that if either of the ¢;’s is zero
everywhere, then the eigenvalue equation

1

5 {vz + kzs(x)] " 6.78)

will be automatically be satisfied for any k value. Figure 6.11 e) shows how
the norm, defined as ||z|| = V&' - z, of each of the eigenmodes is different
for each of the eigen—permittivities. We find that the solutions alternate be-

tween ¢; being zero and ¢, being zero. This leads us to conclude that we
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cannot arbitrary place two (or more) modes of a system where the permit-
tivity is restricted to be homogeneous, even if we are allowed to add gain or
loss. Our conclusion is perhaps not surprising, as we can observe from Eq
(6.8) that the spacing between modes is related to 27t/ +/e. We therefore can-
not change the spacing between modes in any way we like, although we can
place individual modes anywhere. This argument also holds for the homo-
geneous radially symmetric systems we will consider later in this chapter, as
the spacing between the modes of those systems is governed by the spacing
of the zeros of Bessel functions.

Noting these difficulties in placing multiple modes in systems of ho-
mogeneous permittivity, we now aim to develop a method for designing
graded materials. Such a method should allow for the placement of multi-

ple modes simultaneously.

6.7 Linking Perturbation Theory to Optimisation

In our discussion of the adjoint method in Section 2.9, we used perturba-
tion theory to connect a small change in the permittivity to a small change
in the fields. Here, we are interested in connecting a shift in a complex fre-
quency due to a small change in the dielectric structure. Perturbation theory
in quantum mechanics [10, 181] is well developed and connects changes in
a potential to shifts in energy levels. As quasi-normal modes are a gener-
alised case of this, where the energy is extended to the complex plane [168],
we seek to develop a technique similar to the adjoint method to enable the
design of graded structures with complex frequency resonances at partic-
ular locations. To this end, we begin by reviewing the key results of per-
turbation theory in quantum mechanics, before elucidating the connection

between perturbation theory and inverse design.
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Quantum mechanical systems are characterised by their Hamiltonian,
which is usually the sum of kinetic and potential energy operators of the
system

A

A=E+V. (6.79)

The discrete energy level spectrum of the system is then given by the eigen-

values of the Hamiltonian and the states of the system are the eigenvectors

H|p,) = E, |[¢n). (6.80)

A useful property of the eigenstates of the Hamiltonian is that they form an

orthogonal basis

(nlPm) = Sum- (6.81)

As an example we consider a quantum harmonic oscillator, which has the
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Figure 6.12: Numerically finding the eigenvalues and eigenstates of the
harmonic oscillator. Discretising the Hamiltonian (6.84) with a quadratic potential
shown in a), one can numerically find the energy levels b), comparing with the
analytical result. Due to numerical error, the smaller energies are found correctly, while
larger energies have larger errors. The eigen—vectors of the Hamiltonian matrix
represent that eigen—states of the system, shown in c).

Hamiltonian

. 1
A=F 4 s (6.82)
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The momentum operator in 1 dimension is [10]

p= —ih%. (6.83)

Working in units where i = w = m = 1, the Hamiltonian is
A= ——5+-x% (6.84)

Eigenvalues and eigenvectors of this operator can be found is discretising
the second derivative as a matrix in exactly the same was as in Section 6.4.
The potential, eigenvalue spectrum and first few eigenmodes are shown in
Figure 6.12. We compare the numerical eigenvalue spectrum to the well-

known analytic result

E, = hw (n + %) , (6.85)

where n = 0,1,2,.... It should be noted that for large n the eigenvalues
found numerically exhibit significant error. This is a consequence of the dis-
cretisation of space, which introduces numerical error. Higher eigenvalues
can be made more accurate by increasing the number of points space is bro-
ken down into. Smaller eigenvalues exhibit lower errors. For this reason,
when we calculate eigen—permittivities, we usually select the lowest eigen-
value, to avoid the effect of numerical errors.

Perturbation theory answers the question: “what happens to the energy
levels and eigenstates if the Hamiltonian changes by a small amount?”. Say
we change the potential by a small amount V — V + §V. Expanding the

eigenstates and the energy level to first order

Py — P + 0Py E, — E,+JE, (6.86)
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Figure 6.13: Using perturbation theory to calculate the shifts to the energy
levels. For a given perturbation to the quadratic Hamiltonian, shown in a), the shifts
to each energy level can be directly calculated using perturbation theory (6.89). b) The
shifts calculated using perturbation theory are compared with numerically evaluating the
energy with and without the perturbation, then subtracting the two energies. Provided
the perturbation is small, the two methods yield the same changes to the energies.

we obtain

H |6¢n) + 6V [pn) = En |69n) + Oy [thn) . (6.87)

Multiplying both sides by (¢,,|, we get

(Y| H |6n) + (Y| 6V [n) = En ($m|0¢n) + 6En (Ym|pn) .  (6.88)

Using the fact that (| H = (| Em, the first terms on each side cancel.
Then, applying orthogonality of the eigenstates, we arrive at the standard

result

SEn = (Pu] 6V [pn) . (6.89)

Applying this framework to the harmonic oscillator example of Figure 6.12
is shown in Figure 6.13. To the usual V(x) = x?/2 potential, shown as a
black dashed curve in Figure 6.13 a), we add a small perturbation of the
form

5V (x) = 0.1 x abs [e—xz sin(x — 0.5)} , (6.90)
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where V(x) 4+ 6V (x) is plotted in red in Figure 6.13 a). The eigenstates can
be found from the discretised Hamiltonian, then integrated against 6V (x),
as in (6.89), to calculate the shifts in the energy levels. The calculated JE;s,
from (6.89), are compared with the numerical result, obtained by just finding
the energy levels for the potential V(x), then for V(x) 4+ 0V (x) and subtract-
ing them. This comparison is shown in Figure 6.13 b).

To connect the ideas of perturbation theory to optimisation, we re-write

(6.89) as an integral

SE, — / " dx|gn(x) 25V (x). (691)

Proceeding in the same way as we outlined in our discussion of the adjoint
method in Section 2.9, we write the change in the potential as a delta func-

tion at a particular position x;
OV (x) = 6(x — x;)AV. (6.92)

This allows us to connect a small change in the position of an energy level
to a change in the potential as a continuous function given by the modulus
squared of the eigenstate

aafj ~ | (x)]?. (6.93)

One can use this gradient to design a potential that exhibits an energy level

in a particular location. Defining the figure of merit

F(V) = (Eqs(V) = E0)?, (6.94)
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where E, is the target energy level. Differentiating with respect to the po-

tential V we find the gradient of the figure of merit

oF _
vV

O,
avV

2(En — Ex) 2(En — Ex)|n (%) [ (6.95)

Using this expression, one can iteratively change the potential until an en-

ergy level occurs at a particular, pre-determined, energy. An example of
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Figure 6.14: Using perturbation theory to optimise a potential. Beginning from a
quadratic potential shown as a black dashed line in a), perturbation theory is used as an
optimisation tool to design the potential shown as a solid red line in a). This potential
has an energy level at the target energy E = 2, as shown by b) the energy levels and
eigenstates. The progression of the figure of merit over the iterative optimisation
procedure is shown in c).

doing this is shown in Figure 6.14. Beginning from the potential for a har-
monic oscillator V(x) = x?/2 shown in Figure 6.14 a), we seek to move
the energy level E; = 5/2 to E; = 2. Using (6.95), finding the eigenstates
numerically from the discretised Hamiltonian, we iteratively update the po-
tential until the energy level is at the desired location. Figure 6.14 a) shows
the new potential and 6.14 b) shows the new locations of the energy levels.
It is evident that the n = 2 level is now located at E = 2. The progression of
the optimisation is shown in Figure 6.14 c).

The ideas we have developed in this section are basically a way of mov-
ing around the eigenvalues of an operator, so it is natural to ask whether
the ideas could be extended to manipulate the locations of quasi-normal

modes in the complex plane. Now, the eigenvalues we seek to manipulate
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are not real energies but complex wave-numbers (or, equivalently, frequen-
cies). Perturbation theory, as we have reviewed it in this section is also not
suitable for quasi-normal modes. Since they have exponential growth in
space, the integrals diverge. In the next section we will review how one can
develop perturbation theory for quasi-normal modes, so that we can use

that framework to manipulate the locations of quasi-normal modes.

6.8 Perturbation theory for Quasi-Normal Modes

If one wants to use perturbation theory to manipulate quasi-normal modes,
the usual Rayleigh-Schrodinger perturbation theory of quantum-mechanics
is not suitable. Due to their characteristic exponential growth, the usual
mode normalisation (6.81) is not physical: the integral diverges. To deal
with this, perturbation theory must be re-formulated for quasi-normal modes.
Such a reformulation was first presented by Zel-Dovich [182] in his study
of alpha decay. Since then regularisation techniques have been used to ap-
ply perturbation theory to quasi-normal modes in both quantum mechan-
ics [182, 183] and electromagnetism [184]. In this section, we briefly outline
how one can derive a suitable expression for this, following closely [183,
185].

We begin from the 1D Helmholtz equation

(@ +k s(x)) $(x) = 0. (6.96)

Making the substitution
(6.97)

~~
I
&
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where the prime denotes derivative with respect to x we re—cast this as the

Riccati equation

'+ 2+ ek? = 0. (6.98)

Expanding f, wave-number and permittivity in powers of y

f=fotufi+tu’fa+..., (6.99)
e=¢o+uer +plea+..., (6.100)
k = ko + pky + pPky + ..., (6.101)

to order y = 1 we obtain
f1 4 2fof1 + 2e0koky + k3er = 0. (6.102)

This is of the form
y'(x) + p(x)y(x) = q(x), (6.103)

suggesting solution using an integrating factor. For the integrating factor,

we choose

exp {2 / ’ fo(x’)dx’l — $2(x). (6.104)

Multiplying both sides of (6.102) by the integrating factor and integrating

over the finite region x € [L_, L], we obtain

2 L+ L+ 2 2
REA)|, == [ dxgdx) [Kes + 2e0kok ] (6.105)

If we choose L_, L to be outside the resonator then the boundary condition
upon ¢ is the radiation condition ¢ = =+ik¢ as x — +oo. Therefore the

boundary condition on fj is that fj(x — 4oo) — =ikj. Substituting this
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into the boundary term (6.105),

Ly
ik (93(L0)+93(L)) = = [ dwgd(x) [Ker +2e0koka] . (6.106)
Re-arranging for the perturbation to the wave-number we find

_q K2 [1F dxg?(x)er(x)

= : . (6.107)
T 2k 5 g (x)eo(x)dx + o (93(L) + @R(L-))

Comparing this with standard perturbation theory (6.91), we can note a
number of key differences. Rather than depending the modulus squared
of the wave—function, the shift in wave-number depends upon the square
of the wave function. This ensures that the shift is complex. Furthermore,
the normalisation factor of 1 due to orthogonality of the states in standard
perturbation theory is replaced with a rather more complicated expression
for quasi-normal modes. This is necessitated by the fact that ¢(x) does not
vanish at infinity. While quantitatively different, conceptually one can still
use 6.107 to find the gradient of the wave-number’s position in the com-
plex with respect to the structure ¢(x). Choosing ¢1(x) = Aed(x — x;), one

obtains the gradient

*k _ -1 K303 (x;)
9 2ko [ g2 (x)eo(x)dx + 5 (¢F(Ly) + ¢3(L-))

(6.108)

This is true for all x;, so this expression gives a continuous function that can
be easily calculated, and used to find how to change a structure to place a

pole in a particular location.
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6.9 An Optimisation Approach to Moving the Quasi-

Normal Modes of 1D Slabs

Say we would like to move mode k; to the complex frequency k.. We can

write a suitable figure of merit and it’s derivative as

F = (ky —k,)?, (6.109)
oF ok,

Updating the permittivity from iteration i to i 4- 1 is done according to

oF

8(i+1)(x) _ s(i)(x) + 7@’ (6.111)

where 7 is the step size. This makes the evaluation of the figure of merit
gradients extremely efficient, similar to the adjoint method [76]. Combin-
ing this with gradient descent optimisation, we have found how to update
the permittivty distribution in order to arbitrarily change the complex fre-
quencies of the QNMs. This approach is very similar to the adjoint method
presented in Section 2.9, as one can find how to change the whole structure
in one calculation making evaluation of the gradient very efficient.

An example of this procedure is shown in Fig. 6.15. We begin by select-
ing a QNM of the system: the frequency of which we want to modify. The
complex wave-number of this mode can be found by root-finding in the
complex plane, using i.e. Newton’s method. Specifying a target frequency
of the pole k,, then using Eqns. (6.108, 6.110, 6.111) to iteratively update the
permittivity distribution allows the pole to be moved to the desired complex
frequency. At every iteration, ¢, and k, must be re—calculated. In the exam-

ple of Fig. 6.15 we move the pole originallyatk = 1 —0.1i tok, = 0.8 —0.01;,
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1D Slabs
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Figure 6.15: An example of using our iterative method to manipulate the poles
of a dielectric slab. Beginning from a) a step of dielectric which supports a QNM at
k =1 —0.1i, our iterative method designs the permittivity distribution shown in b),
which supports a QNM at the desired frequency k, = 0.8 — 0.01i. The resulting
transmission of the structure is shown in c), and compared to a full-wave solver.
Fitting a Lorentzian to the transmission peak associated with k,, we extract find that
the peak is at kg = 0.799 with width I' = 0.0109. The path of the pole over the
optimisation is shown in d).

and show that yields a structure with a peak in transmission at the designed
frequency with the designed width. It should be noted that while we can
move the pole to an arbitrary complex frequency, complete control of both
the real and imaginary parts of the permittivity is required. While this re-

mains experimentally challenging, a recent study [186] has demonstrated

the ability to implement arbitrary loss and gain distributions in space.
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Figure 6.16: An example of using the iterative method we present to move 3
poles to desired complex frequencies at the same time. Beginning from a
permittivity step shown in a), the real poles associated with Re[k] = 1,2,3 are moved
to the targets: k; = 0.8 — 0.0071, k, = 3.5 — 0.008i and k3 = 1.8 — 0.009i. The
resulting permittivity profile is shown in b) and its transmission coefficient in c). Clear
peaks are seen at the three target values of k. The path of the poles over the
optimisation is shown in d).

As another example of this method, we consider trying to move several
poles simultaneously. In Fig. 6.16 we take the poles originally at k = 1 —
0.17,2 — 0.17 and 3 — 0.1 and move them to three different values k, k; and
k3. Interestingly, due to the presence of other nearby poles, the transmission
profile of the resulting structure becomes more complex, however a clear

narrow transmission peaks associated with kj, k; and k3 are evident. If one

controls all poles of interest over a given range of k values, almost complete
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Resonators

control over the transmission profile can be obtained.

6.10 Moving the Quasi—-Normal Modes of 2D Ra-
dially Symmetric Resonators

As we have already discussed, the method that was presented in the previ-
ous section can easily be adapted to spherically symmetric resonators. Us-
ing the results derived in Section 6.4.2, in this section we demonstrate that
both the eigen—permittivity method and the iterative method can be applied
to design isotropic or graded cylinders with resonances in particular loca-
tions. The key advantage of considering radially symmetric resonators is
that we can choose the multipolar nature of the mode being manipulated.
Beginning with a cylinder of radius r = 550 nm and isotropic permittiv-
ity e = 4, the initial modes are distributed in the complex frequency plane
as shown in Figure 6.17 a). Applying the framework presented in Section
6.4.2 to move the m = 1 mode from 97 — 121 THz to 100 — i THz, we find
that one must apply a background permittivity of e, = —0.046 + 70.483.
Once this has been added, the locations of the new modes are shown in Fig-
ure 6.17 b), where the target location is shown as a red star. Verification of
the effect of moving the resonance on the scattering behaviour of the cylin-
der is shown in Figure 6.17 ¢). Using full-wave simulations in COMSOL, a
plane wave is scattered from the cylinder with permittivity e = 4 + ¢}, and
the scattered power is calculated by integrating the power outflow from a
closed loop around the cylinder. A clear peak is seen at f = 100 THz, with
a width of 1 THz, corresponding to the m = 1 resonance we have moved.
To verify that the scattering resonance has the correct multipolar nature, the

field is shown inset in Figure 6.17 c). Next, we try to manipulate the m = 3
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Figure 6.17: Using the eigen—permittivity method to move the dipole resonance
of an isotropic cylinder. a) The original mode locations of the resonator. We seek to
move the m = 1 mode from 97-i21 THz to 100-i THz. Solving the resulting eigenvalue
problem, we find that this requires a background permittivity of &, = —0.046 + 10.483.
b) shows the resonances of the new system. c) The scattering behaviour of the new
resonator under plane wave incidence, with the field at 100 THz shown inset.

resonance. Beginning, as before, from a cylinder of radius » = 550nm and
permittivity ¢ = 4 the m = 3 resonance is located at f ~ 200 — 710 THz.
We aim to place this at f = 150 — i2 THz. Solving the associated eigen-
value problem, we find the background permittivity that must be added is
gp = 4.15410.007. Adding this, the locations of the modes are shown in Fig-
ure 6.18 a). The scattering behaviour of the resonator is shown in Figure 6.18
b), with the field associated with each resonance shown inset. Lorentzians
are plotted (not fitted) with central frequencies and widths given by the real
and imaginary parts of the resonances respectively. A mode indeed appears
at f = 150 THz with the correct width and multipolar nature.

Next, we demonstrate that our iterative method can be applied to design
graded cylinders that exhibit resonances at specific complex frequencies.
For graded cylinders, both the position of the resonances and the associ-
ated field can be found from the results of Section 6.4.2. The perturbation
theory developed in Section 6.8 can be utilised to manipulate cylindrical
resonances without modification (indeed, Zel’'Dovich’s original calculation
[182] was carried out for spherically symmetric potentials and arrived at an
identical result). Figure 6.19 shows the application of this framework to de-

sign a graded cylinder with a quadrupole (m = 2) resonance at 100-i2 THz.
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Figure 6.18: Using the eigen—permittivity method to place the m = 3 mode of
an isotropic cylinder. We seek to move the m = 3 mode to 150-i2 THz, requiring a
background permittivity of ¢, = 4.15+i0.007. a) The locations of the quasi—normal
modes. b) Full-wave simulations verifying the scattering behaviour of the cylinder.
Peak locations and widths can be related directly to pole locations, and the fields
shown inset verify the multipolar nature of the modes.

Beginning from a cylinder of radius » = 550nm and permittivity ¢ = 4, the
permittivity profile is updated iteratively until the pole is in the correct loca-

tion. The movement of the pole over the iterative optimisation is shown in
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Figure 6.19: Designing a graded cylinder with a quadrupole resonance at
100-i2 THz. a) The iterative movement of the m = 2 mode from 152-i15 THz to the
desired complex frequency of 100 - i2 THz. Panels b) and c) show the resulting
permittivity distribution, which has the pole structure shown in d). Full-wave
simulations of the scattered power indicate peaks corresponding to each pole, with inset
fields show that each mode exhibits the expected multipolar nature.
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Figure 6.19 a), with the resulting permittivity profile shown inb) and c). The
pole locations of the graded cylinder are shown in Figure 6.19 d). Scattering
from the graded cylinder was found using COMSOL and is shown in Figure
6.19 e). Clear peaks can be associated with the resonances shown in Figure
6.19 d) and correspond to strong scattering. Fields associated with each key
scattering mode are shown inset, to that verify the multipolar nature of the

modes is as expected.

6.11 General Resonators

So far we have discussed how to find and manipulate the quasi—normal
modes of slabs of dielectric or radially symmetric resonators. In the final
section of this chapter, we will indicate how one could extend our method
to resonators or any shape in 1D, 2D or 3D. To illustrate this we consider
a 2D square dielectric resonator, shown in Fig. 6.20(a). The resonator is
a silicon cross inside a gallium arsenide square. To find how to change the
permittivity to place a pole at a particular complex frequency, we must solve
the eigenvalue problem Eq. (6.72) in 2D. To do this, we use COMSOL’s
coefficient form PDE interface, which allows one to solve problems of the

form

Aeap — Adop +V - (—cVp —adp +7) + BV +ap = f, (6.112)

where A is the eigenvalue. Choosing the coefficients tobee, = 0,c =1,d, =
1,a = —k?¢, this becomes exactly the eigenvlaue problem we would like to
solve

V2 + kKPep = — A, (6.113)
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Figure 6.20: An example of using our eigen—permittivity framework to place
the quasi-normal modes of a 2D resonator. The resonator, shown inset in a), is
made of two different permittivities, €1 (silicon at 550 nm) and &, (gallium arsenide at
550 nm). We apply our framework to find a permittivity offset to move a pole to the
complex frequency (500 + 1i) THz. The background is ¢, = —1.37 + i0.88. To verify
the location of the pole, we excite the resonator with a point electric dipole, located at
(-1100 nm, 0), and calculate the total scattered power, shown in b). A clear peak is
present in the spectrum of the shifted structure at the desired frequency of 500 THz,
which is not present in the spectrum of the un—shifted structure. Examining the fields
of the resonator driven by a nearby dipole at a frequency of 500 THz, c) and d), we see
that the excitation of the mode in the sifted structure greatly increase the scattering.

where A = k%¢;,. The outgoing wave boundary condition can be applied to
the outside edge of the resonator using the ‘flux/source” boundary condi-

tion. Generally, this boundary condition is

—n-(—cVo+ap+v) =g—¢u, (6.114)
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where n is a unit-vector normal to the surface of the resonator at a given
point. It is not necessary for n to be normal to the surface, it only needs to

point outwards. With our parameter choices this becomes
n-Vo = —q¢. (6.115)

Setting g = ik gives the correct out-going boundary condition. Solving this
eigenvalue problem for the 2D geometry shown in Fig. 6.20(a), and choos-
ing the location of the pole to be f = 500 + 1i THz, we find a background
permittivity of ¢, = —1.37 4 i0.88. To verify that a QNM is now located at
the correct complex frequency, we excite the resonator with a nearby point
dipole and examine the total scattered power before and after the permittiv-
ity shift is applied. This is shown in Fig. 6.20(b). Once the shift is applied,
there is a clear peak in scattered power at the desired wavelength. Addi-
tionally, the fields when the resonator is driven at 500 THz are shown in
Fig. 6.20(c-d). Once the permittivty of the resonator is shifted, scattering at

the desired frequency is greatly enhanced by the presence of the QNM.

6.12 Summary & Conclusions

Scattering from photonic resonators depends heavily upon the properties of
the resonances supported by the structure. These resonances can be quasi-
normal modes: complex frequency bound states of the system, with a char-
acteristic negative imaginary part of the wavenumber. If one examines,
for example, the scattering from an object, peaks in the scattering cross—
section correspond to quasi-normal modes. The wavelength of peaks in

scattering corresponds to the real part of the quasi-normal mode, while the
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width of the resonance is directly related to the imaginary part of the quasi-
normal mode. Motivated by this direct correspondence, we have derived
two methods for manipulating the locations of the resonances of dielectric
slabs, cylinders and spheres.

The first method is based upon formulating an eigenvalue problem for
a shift to the permittivity so that the structure supports a resonance at a
particular location. The second method is an iterative procedure, based on
perturbation theory for quasi-normal modes. While the iterative technique
is slower, it has the benefit of being able to move multiple modes at the same

time.
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Chapter 7

Conclusions & Future Work

“Education never ends, Watson. It is a series of lessons, with the greatest for the
last.” — Arthur Conan Doyle, His Last Bow

7.1 Thesis Summary

The aim of this thesis was to develop simple and efficient techniques to de-
sign electromagnetic materials. Usually, there are great numerical problems
posed by the large difference in scales between the sub-wavelength reso-
nant elements that make up the metamaterial, and the size of the metamate-
rial itself which could have dimensions of the order of tens or hundreds of
wavelengths. To overcome this, we employ the coupled—dipole framework
to separate the modelling of the scatterer and the entire metamaterial.

To this end, in Chapter 2 we introduce the key theoretical tools that are
used throughout the thesis. This includes a brief review of Maxwell’s equa-
tions and Mie scattering theory to describe the scattering from a single reso-
nant object, characterised by its electric and magnetic polarisability tensors.
Calculating the scattering of a source field (i.e. a plane wave or a dipole
source) from a metasurface made of such elements is then facilitated using
the coupled—dipole formalism. We conclude this introductory chapter with
a brief review of inverse design techniques in the context of electromag-

netism, indicating the key challenges they face.
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Seeking to address the challenges of numerical complexity while pre-
serving conceptual simplicity, in Chapter 3 we derive a simple, efficient and
versatile method for designing metamaterial devices. Applying perturba-
tion theory to the coupled—dipole approximation, we can derive analytic ex-
pressions for gradients of figures of merit, enabling efficient optimisations.
To illustrate the utility of our framework, we design devices that shape the
near and far—field of a small emitter as well as manipulate plane waves.

Extending these ideas, in Chapter 4, we develop a framework for de-
signing multi—functional metamaterial devices. We design a device that op-
erates at optical wavelengths to produce different radiation patterns based
on the polarisation of the source emitter. Using more complex scatterers, we
also design a device at microwave wavelengths that sorts waves by their an-
gle of incidence. We also find that our method compares favourably to the
widely used inverse design paradigm, a genetic algorithm.

In Chapter 5 we experimentally realise some uni—functional designs at
microwave wavelength, using metal rods as the scattering elements and a
complicated monopole emitter as the source.

Finally, in Chapter 6 we consider how to shift the resonances of photonic
structures, by directly manipulating the locations of their quasi-normal modes
in the complex plane. We present both a semi-analytic eigen—permittivity
framework as well as an iterative numerical technique based on perturba-
tion theory to manipulate the resonances of arbitrary structures. The abil-
ity to tune the resonances of photonic resonators is key to multi-band be-
haviour as well as to designing structures that could be used to form a meta-

surface.
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7.2 Future Work

Many outstanding challenges remain, which can be broadly divided into
two categories. Firstly, there are many incremental changes to our inverse
design frameworks that could be made. Secondly, different physical chal-
lenges could be addressed using our methods.

Beginning with the first category: incremental changes. Our dipole based
inverse design framework, developed in Chapters 3-5, would benefit from
many improvements. A key problem we have not solved is how to best
choose the initial distribution of the scatterers. Where the scattering ele-
ments begin is key to the result of the optimisation, although throughout
this thesis initial distributions have been chosen arbitrarily. This is a gen-
eral problem in inverse design in photonics. While some progress has been
made on how to choose initial graded permittivity distributions [187], how
to do this for discrete scatterers is unclear. It may be possible to develop an
additive procedure, such as Bennett et al. [90], although this has not been ex-
plored. Furthermore, it has been noted that convergence is affected by many
properties of the problems [188-190], particularly the learning rate [92, 191].
Little attention has been given to these features of our optimisation frame-
work, as we have instead focused on the application of our techniques. For
instance, due to recent interest in optimisation for fitting machine learning
models [72], it is known that for many optimisation problems better results
can be obtained using stochastic gradient descent [192], simulated anneal-
ing [43] or the “Adam’ optimiser [193], instead of basic gradient descent.
The immediate next steps of our method for manipulating the resonances
of photonic structures, presented in Chapter 6, are as follows. As it has
been formulated, our methods are immediately applicable to design graded

cylinders or spheres. With this development, one could overlap modes to
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construct anapole resonances [194], super—scatterers [195, 196] or Kerker ef-
fects [197]. To make the results of the optimisation easier to build, our search
could be restricted to lossy materials however the framework could be eas-
ily extended to include material dispersion effects [176].

In addition to adjustments to our methods, many different physical chal-
lenges could be addressed using the frameworks we have developed in this
thesis. Key to the next generation of communication systems is the ability
to widen the bandwidth of emitters. This is something that has not been
addressed: all of our designs are optimised at only a single frequency. One
way to do this might be to vary the size, and thereby resonance frequency,
of the constituent elements of the metamaterial. The theory for doing this is
well developed [198, 199], and has recently been applied to design photonic
devices [200] although not with an eye to improving bandwidth. Such an
approach may allow for the saturation of performance limits on size and
bandwidth, such as the Chu-Harrington limit [201-203] for antennas and
the Rozanov limit [204] for absorbers.

As well as addressing antenna bandwidth, the frameworks we have de-
veloped might find utility in modelling electromagnetic systems with large
length scale separations. Being able to model and characterise individ-
ual ‘meta—atoms’ then assemble them into larger structures allows one to
model the behaviour of systems that are otherwise numerically inaccessi-
ble. As communications frequencies are pushed upwards into mm-waves
and beyond, atmospheric scattering will become an important effect. Cur-
rent channel models do not properly account for multiple scattering effects
[205], presenting a key challenge for next-generation communications. The
power of our frameworks to include all scattering effects at small length

scales, as well as effects over very many wavelengths make the methods we
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have used throughout the thesis attractive candidates to address this prob-
lem. Our methods also have the benefit that they scale with the number of
scatterers, not the volume of space one wishes to model. Thus, modelling
propagation over long distances, normally numerically impossible, does not
increase the computational burden.

Beyond electromagnetism, our design methods may find utility in en-
gineering other wave regimes such as acoustics or elasticity. Even though
the field on inverse design began in the field of structural mechanics [74],
it is under utilised to manipulate elastic waves. In the field of elastic meta-
materials, there have been many great advances in engineering the band-
structures for energy harvesting [206], roton-like dispersion [207] and the
observation of topological effects [208, 209], to name only a few. Much
work focuses on modelling elastic materials as thin plates [9], on which
flexural waves can propagate. These waves can be manipulated by grad-
ing the thickness of the sheet [210] or by pinning masses to the sheet [211-
215]. The inverse design problem, of how to grade or pin a sheet in particu-
lar places in order to manipulate the waves in a particular way has not been
extensively addressed: the methods we have presented are immediately ap-
plicable to such problems. Such approaches would have utility for energy
harvesting, vibration isolation and sensing if one could manipulate surface
acoustic waves. Furthermore, it has recently been noted that elastic reso-
nances can also be understood in terms of quasi-normal modes [216, 217].
The methods we present in Chapter 6 might also be applicable to elastic
systems, with some modification.

With some generalisation, the methods we have developed might also
be applicable to the design of time—varying materials. There has been much
recent interest in time—varying materials within the metamaterials commu-

nity due to the unique physics they can exhibit. For example, time—varying
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materials can exhibit wave—amplification without gain [218] and mimicking
black-hole physics [219]. Recent experiments in acoustics [220, 221] have
realised such materials using arrays of dipoles where the response function
can be tuned, demonstrating amplification and frequency conversion. In
principle, our approach to optimisation within the coupled—dipole frame-
work could be extended to dipoles that are distributed in space, but also
have a temporal response that can be tuned. Such a system could be re-

alised in electromagnetism with fast-switching diodes.
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Appendix A

Code Snippets

Many results throughout this thesis were generated using custom Python
code. In this appendix, some snippets are collected to aid reproducibility.
Key to the results of Chapters 3-5 is the solution of the multiple scatter-
ing problem. Section A.1 contains code that solves the multiple scattering
problem for a scalar field. In Chapter 4, the results of our multi-functional
design method are compared to a genetic algorithm. The code for the ge-
netic algorithm was written from scratch, and is included in Section A.2.
Finally, one way the fields of the quasi-normal modes were calculated
in Chapter 6 was using back-integration. The code that performs this is

given in Section A.3.

A.1 Multiple Scattering Code

Here, we include code that solves the multiple scattering problem for a sim-
ple scalar field. Extension to full vector electromagnetism is conceptually

straightforward, although the Green’s function becomes a tensor.

import numpy as np
import scipy.linalg as spl

import scipy.special as sps
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Im = 1.0 # Wavelength

k = 2.0+np.pi/lm # Wave number

alpha = 1.0+3+1j # Polarisability

Ns =5 # Number of scatterers

scatterer_locations = 2.0snp.random.random((Ns,2))-1.0 # Random
scatterer positions

# Define the Green’s function
def G(x,xp,y,ypk):
z = (x=xp)+1j*(y-yp)
r =np.abs(z)
return (1.0/(4.0+1j))+sps.hankel1(0, k+r)

# Define the incident field
def phii(x,y,k):

return np.exp(1j+k+x)

# Calculate the total field
def phi(x,y,k,pts,alpha):
# Evaluate the incident field at the scatterers

inc_field = phii(pts [:,0], pts [:,1], k)

# Construct the interation matrix
A =np.zeros((Ns, Ns), dtype=complex)
for i in range(Ns):

for j in range(Ns):
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Ali,j] = —alphaxG(pts[i,0], pts[j ,0], pts[i, 1], pts[j,1], k)
np.fill_diagonal (A, 1.0)

# Solve the linear system for the fields applied to each scatterer

applied_field = spl.solve(A,inc_field)

# Construct the total field
total_field = phii(x,y,k)
for n in range(Ns):
total_field += alpha + G(x,pts[n,0],y,pts[n,1], k) = applied_field
[n]

return total_field

A.2 Differential Evolution Algorithm

This code performs global optimisation of a function using the differential
evolution genetic algorithm, propose by Storn and Price [129]. This code

was written by JRC, with reference to [222].

import numpy as np

import numpy.random as npr

class DifferentialEvolution:

def __init_ (self, bounds, popsize, max_generations, merit_func,

args):

self .bounds = bounds
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self .pop_size = popsize
self .individual_size = len(bounds)

self .max_generations = max_generations

self .merit_func = merit_func
self .args = args

self .F =05

self .CR =07

def _x_to_pts(self,x):
N = len(x)
Np =int(N/2)
pts = np.asarray(x).reshape((Np, 2))

return pts

def printInfo(self):
print("Population Size : %i" %self.pop_size)
print("Max. Generations : %i" %self.max_generations)
print("Individual Size : %i" %self.individual_size)
print("F : %If" %self.F)
print("CR : %lf" %self.CR)

print("Bounds : ", self .bounds)

def make_initial_population(self):
self .population = []
for i in range(self.pop_size):

individual = []
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for j in range(self.individual_size):

individual.append(npr.uniform(self.bounds[j][0], self .
boundslj][1]))

self . population.append(individual)

def impose_bounds(self, vec, bounds):
for i,elem in enumerate(vec):
if elem < self .bounds[i][0]:
vec[i] = self .bounds[i][0]
elif elem > self .bounds[i][1]:
vec[i] = self .bounds]i][1]

def solve(self):
# Generate a random population
self .make_initial population()
self .fom_hist =[]

self .pop_hist =[]
for iteration in range(self.max_generations):

for i,indiv in enumerate(self.population):

## Perform the mutation

# Can choose to either loop through the population in

order, or select an index at random to be the target

idx_options = np.arange(0, self.pop_size). tolist ()
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R = npr.choice(idx_options)

# Just loop over the population in index order

if False:

idx_options.remove(i)

idxs = npr.choice(idx_options, size=3)

target_idx =1

x_t = self .population[target_idx] # Target
individual

x1, x2, x3 = np.array(self .population[idxs[0]]), np.
array(self .population[idxs[1]]), np.array(self.

population[idxs[2]])

# Choose a random member of the population as the target

if True:
idxs = npr.choice(idx_options, size=4)
target_idx = idxs[3]
x_t = self .population[target_idx] # Target
individual

x1, x2, x3 = np.array(self.population[idxs[0]]), np.
array(self .population[idxs[1]]), np.array(self.

population[idxs[2]])
\% = list (x1 + self .F #(x2 — x3))

# Impose the bounds

self .impose_bounds(v, self.bounds)
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## Crossover

x_trial =[]

for j,element in enumerate(x_t):
r = npr.uniform(0,1)
if r <=self .CRorr ==

x_trial .append(vl[j])

else:
x_trial .append(x_t[j])
## Check
fom_xt = self .merit_func(x_t, *self .args)

fom_xtrial = self .merit_func(x_trial, =self.args)
if fom_xtrial < fom_xt:

self .population[target_idx] = x_trial

foms_it = []
for indiv in self .population:

foms_it.append( self.merit_func(indiv, *self .args) )
self .fom_hist.append(foms_it)

self .pop_hist.append(self.population.copy())

foms =[]
for i,element in enumerate(self.population):
foms.append(self.merit_func(element, *self.args))

mx = np.argmax(np.array(foms))
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# Outputs
self .fom_hist = np.asarray(self.fom_hist)
self . result = self .population[mx]

self .final_fom = foms[mx]

def fom(params):
x = params|[0]
y = params|[1]
return —20«np.exp(—0.2+np.sqrt(0.5+(x*+2+y*%2))) — np.exp(0.5+(np.cos
(2.0+np.pixx)+np.cos(2.0snp.pixy))) + np.e + 20
if  name_ ==" main_":
# Define the bounds array
Ns=1
bounds =[]
xi = 2+( np.random.rand(2+Ns) — 1)
for i,xi in enumerate(xi):

bounds.append((—4, 4))

opt = DifferentialEvolution (bounds, popsize=10, max_generations
=1000, merit_func=fom, args=())
opt.solve()

sln = opt.result

f1 = fom(sln)
print("Minima found: {(%lf,%If) = %If" %(sIn[0], sIn[1], 1))
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A.3 Back-Integration for Quasi-Normal Modes

This code numerically calculates the fields associated with quasi-normal
modes, by back integrating the field. To implement this using Python’s
‘odeint” function, one must break up the real and imaginary parts of the

differential equation one seeks to solve.

# Import modules
import numpy as np

from scipy.integrate import odeint

# Define slab properties

nr = np.pi
nb = 1.0
L=1.0

# We're finding the field of the mth mode

midx =4

# Analytic expression for the QNM frequencies
def roots(m):
r0 = (nr—-nb)/(nr+nb)

return 1j+np.log(r0++2) /(2.0+nr) + np.pi*m/nr

# Refractive index profile
def n(x):
if np.abs(x) <L/2:
return nr

elif np.abs(x) > L/2:
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return nb

n=np.vectorize(n)

km = roots(midx)

# Split the x coordinates into left and right
x_right = 5+np.linspace(0, 1, 500)
x_left = —1.0+x_right [1:]

x = np.concatenate((np.flip (x_left ) ,x_right))

# Define the field and its derivative
def dpsi(psi, x):

ph = psi[0]+1j+psi[1]

dph = psi[2]+1j*psi[3]

Dph =dph

D2ph = —n(x)#+2+kmx+2+ph

return [ np.real(Dph), np.imag(Dph), np.real(D2ph), np.imag(D2ph) ]

# Back—integrate using odeint

sln_r = odeint(dpsi, [1.0, 0.0, —np.imag(km), np.real(km)], x_right
[:-1])

sn_l = odeint(dpsi, [1.0, 0.0, np.imag(km), —np.real(km)], x_left [::-1])

# Results are the left and right solutions
phir = ( sln_r [,0] +1j * sln_r [;,1] ) [::-1]
phil = ( sIn_1[;,0] +1j * sIn_1[;1] ) [=-1]




221

Appendix B

The Finite Element Method

In several chapters of the main thesis, the finite element solver COMSOL
is used extensively to validate numerical or analytical results and when
designing experiments, the electric and magnetic polarisabilities of com-
plex resonators are calculated numerically. This chapter introduces the
principles of the finite element method, though a simple example, then

outlines how the properties of complex resonators can be extracted.

B.1 A Simple Example

Consider trying to solve the inhomogeneous Helmholtz equation
(v2 + e(r)k2> u(x) = s(r) (B.1)

numerically. If one discretises the differential operator using finite differ-
ences [43], then the grid points are uniformly spaced. The resulting matrix
equation

Au=s (B.2)

will be sparse, but may still be too large to invert, particularly in 2D or 3D.

Instead, it is beneficial to be able to change the size of the mesh in different
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regions of space so that a dense mesh can be focused where it is needed and
a sparse mesh used elsewhere. For example, if the system is made of two
materials with different refractive indices n1 = 1 and n, = 10 then the wave
length in material 2 is 10 times smaller than that in material 1. Rather than
having to discretise all space finely enough to capture the smaller wave-
length, the ability to change the size of the mesh in space makes the solution
far more efficient. To do this, one can break space up into finite elements,
the size of which does not have to be uniform. Following closely Burnett
[223], we consider a simple example to explain the key steps in constructing
a finite element solution to a differential equation. A detailed and compre-
hensive discussion of the finite element method is beyond the scope of this
thesis.

We will construct the finite element solution to the 1D inhomogeneous

Helmbholtz equation with the following boundary conditions

(;22 ke (x )) u(x) =1, u(0) =0, u(1) = 0. (B.3)

We being by finding the weak form of (B.3) by multiplying both sides by a

test function ¢;(x) then integrating the first term by parts, to find

/cpl dzdx+/ dx—/cpl dx  (BA)

1 d(PZ du
0 de / x)dx = / $i(x)dx  (BS)

il >j§

The test functions, ¢;(x), are chosen to satisfy the boundary conditions (B.3),

so the boundary term vanishes . The simplest choice for the test functions

!For other boundary conditions such as the radiation boundary condition u’ = iku, this
term does not vanish and is moved to the right-hand side as an additional source term
[223].
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is piecewise linear functions of the form

0 X < Xi—1

X—Xi—1
— X1 < x <X
pi(x) = 1 (B.6)

Xir1—1; X <x < Xit1
0 X > Xxj.

These are plotted in Figure B.1 for a uniform discretisation. Preemptively

Basis Functions
bi—1 bi1 Divy Dis2

Xi-1 Xi Xi+1 Xi+2

Figure B.1: Piecewise linear basis functions used to perform the finite element
discretisation.

calculating the derivative of these we find

0 X < Xi—1
1 , .
dgp _ ) wmam M1 SASE (B.7)
dx 1 '
T Ia X <X < Xjpq
0 X > Xj.

Now, writing the solution as a decomposition of the test functions

u(x) =) cjj(x), (B.8)
j
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and substituting this, we have

1 do; 1 1
(- O d‘f{ d(P]d +k2/ ¢i(x)¢j(x)dx) C;:/O ¢i(x)dx. (B.9)

This is now a matrix system that can be assembled and solved for the coeffi-
cients ¢; that define the solution. All that remains is to evaluate the integrals,
which are nothing but integrals over the triangular basis functions or their
derivatives. Three cases can be considered i = jand i = j £ 1. It is evident
from the choice of basis functions and Figure B.1 that there is no overlap
between basis function i and i &+ 2. Therefore, the linear system will be tridi-
agonal like the finite difference case but the elements will be numerically
different, based on how the systems is discretised.

To obtain and explicit form of the matrix that must be inverted to obtain

the coefficients c;, we now evaluate the integrals. This gives

/ i(x)dx = S X1 (B.10)
2
1 dg; dep; ot Eay 1=
(Pl ]d Xi—Xi—1 Xit1—Xi (B 11)
o dx dx 1 o '
XX ‘Z_]’ =1

Xi—Xi—1 _ Xig1—Xi

! 3 5 =]
/O ¢i(x)pj(x)dx = (B.12)
At li—jl=1.
Choosing a wavelength of A = 1/2, so k = 47, this system can be con-

structed and solved using standard matrix methods. The solution is shown

in Figure B.2, compared with the analytical solution

Uanalytic(x) = 0.00633257 — 0.00633257 cos (kx), (B.13)
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Figure B.2: Comparison of the finite element and analytic solution.

which was obtained using Mathematica. The finite element solution used
for comparison is in a random irregular grid with 100 nodes.

While this section has illustrated the key concepts behind the finite ele-
ment method, extension to higher dimensions and more complicated bound-
ary conditions is far from trivial. Rather than triangles, the basis functions
become tetrahedrons so the integrals are more complicated. Additionally,
while we have used linear basis functions greater accuracy can be achieved
with higher ordersi.e. quadratic or cubic basis functions. Some of the issues

around extensions to higher dimensions are discussed in [224].

B.2 Perfectly Matched Layers

Many of the COMSOL models in the main thesis are terminated by perfectly
matched layers (PMLs). In this section, we will briefly review why they are
used and how they work, following [225, 226].

PMLs are reflectionless layers one puts at the edge of simulations to sim-
ulate scattering into free space. When analytically solving Maxwell’s equa-
tions, one could choose to use the radiation condition, which prevents radi-

ation arriving to the system. PMLs fulfill the same condition in numerical
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solutions: preventing artificial reflections from the edge of the computa-
tional domain, they can the thought of as ‘numerical anechoic material’.
PMLs were originally introduced in the 1990’s [227] using a ‘split field” for-
mulation, whereby the usual electromagnetic field acquired additional arti-
ticial terms due to the absorbing boundary layer. However, a conceptually
neater way of understanding PMLs as coordinate transformations was soon

realised by Chew et al. [228].

a) 0.4 =mmm Original Coordinate Systems b) 13

=== Transformed Coordinate System

1.0
.2
0 / 03 \

X
= 0.0 0.0
—0.2 -0.5 ‘
= Original Solution
—1.0{|— Transformed Solution
-0.4 ---- Introduced Decay
-4 -2 0 2 4 " -2 0 2 4
Re[x] X

Figure B.3: Coordinate mapping description of perfectly matched layers. a)
shows how the x coordinate is deformed at x = 0 to acquire a linear imaginary part. b)
The effect of this mapping upon a propagating wave is to introduce a spatial decay,
without reflection. This simulates emission into free space.

To understand the action of PMLs, we can consider the 1D wave equa-
tion

aZ(P ach
2 _
922 52 (B.14)

C_ _

which has a usual plane wave solution
4) — ei(kx—wt) (B].S)

with w = ck. Analytically continuing the spatial coordinate into the com-

lex plane ¥ = x’ + ix”” we see that the solution acquires a deca
plexp q y

1

¢ — ei(kx’—wt)e—kx . (816)
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As long as x” > 0, this is like having an absorbing material. We write the

coordinate mapping from the real x coordinate to the complex ¥ as
¥=x+if(x). (B.17)

A possible mapping is illustrated in Figure B.3 a). Aiming to see how the
coordinate mapping affects the wave equation in real space, we re-write the

derivative

X

9% = (1 + ij—f) dx, (B.18)

where we also define df /dx = o(x)/w. Therefore, the coordinate transfor-

mation changes the x derivatives in the wave equation to

w

J 1 d
Fra (1 +ia<x>> ox (B.19)

The wave—equation, for a fixed frequency therefore becomes

> + <1 + i@)zkzl ¢(x) = 0. (B.20)

ox2

This is equivalent to the wave being in a material with refractive index

n(x) =147, (B.21)
w
In the regions where f(x) = 0, and therefore o(x) = 0, the coordinate

stretching has no effect upon the solution to the wave equation. How-
ever, in the PML regions where f(x),o(x) # 0, making the spatial coordi-
nate complex introduces an artificial lossy material that has no reflection.

This is shown in Figure B.3 b). Since df/dx = o(x)/w, we know that
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f(x) = [T o(x')dx'/w, we can write the solution to the wave equation as

(P(x) — eik(x—l—if(x)) (B22)

k

— pikx =5 [To(d)dx (B.23)

This shows us that in regions where ¢ = 0, the solution is just the usual
propagating wave, while the wave gets absorbed in the PML region. We
also note that introducing the factor of 1/w in the definition of ¢ means that
the decay within the PML is governed by (inverse) wave speed k/w, mak-
ing the behaviour of the PML frequency independent. This means that all
wavelengths are attenuated at the same rate. Now, we can tuncate the com-
putational domain so only the exponential tails will reflect from the edge,
and the reflections will be attenuated on their return. So, provided the PML
is an appropriate thickness, the reflections from the edge of the domain will

be exponentially small.

B.3 Calculating Polarizability

While the polarisability of simple systems can be extracted analytically from
the Mie coefficients, for more complicated systems it must be found numer-
ically. This was done in Chapter 4, to find the polarisability of the meta—
cubes to design a multi-functional ‘beam sorter’ and in Chapter 5 to find the
polarisability of metal rods. In each case, we followed closely the methods
proposed by Yazdi and Komjani [229, 230]. One can calculate the polaris-
ability tensor by exciting the scatterer with a plane wave, then evaluating

the induced electric and magnetic dipole moments. The dipole moments
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can then be easily connected to the components of the polarisability, as
p=agpgFE m=oagH. (B.24)

The direction and polarisation of the plane wave is chosen to give certain
components of the tensors ag, apy. For example, to find the z components
one chooses a plane wave polarised in the z direction and propagating as
e'kv¥  so that the field over the scatterer in the z direction is uniform. This
procedure can easily be followed in full-wave solvers, such as COMSOL.:
the dipole moments can be found by numerically integrating either charge

or polarisation density in the dipole case
p= /dVrp(r) = /P(r)dV (B.25)
and the cross product of position with current for the magnetic dipole.
1 :
m = E/dVr X 7. (B.26)

To test this method, we evaluate the polarisability of a silicon sphere of
radius 65 nm, across optical frequencies. Mie theory can be used to ana-
lytically calculate the polarisability of such a scatterer, so the numerics and
analytics can be meaningfully compared to validate the method. Since the
scatterer is isotropic, the polarisability tensor is diagonal with the elements
along the diagonal all being equal. The numerical and anlytical results are
compared in Figure B.4. Figure B.4a) shows a schematic of the model: the
scatterer is excited with the plane wave, which induces charge and current
densities. The dispersive nature of the refractive index of silicon, Figure
B.4b), is taken into account with data from Green [97], being used for both

the analytical and numerical calculations. The resulting polarisabilities are
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a) b) 3 Refractive Index of Silicon
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Figure B.4: Numerical calculation of the electric and magnetic polarisability of
isotropic silicon spheres. a) shows the method. The scatterer is illuminated with a
plane wave in a particular direction with a particular polarisation, related to which
column of the polarisability tensor one wants to calculate. The incident field excites
charges and currents within the resonator. Integrating over these over space yields the
electric and magnetic dipole moments, which are used to form the polarisability. b)
shows the dispersion of the refractive index of silicon, which must be included in the
model. The numerically calculated electric and magnetic polarisabilities are shown in c)
and d) respectively, and compared with the analytic solutions from Mie theory.

shown in Figure B.4c), d). With this method, the polarisabilities of more
complicated scatterers can be found. The cases we will consider are reason-

ably simple, however even anisotropic and bianisotropic scatterers can be

addressed using this framework.
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