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Abstract

We derive the characteristic dispersion relations for a number of surface po-
laritons, including surface plasmon polaritons, surface phonon polaritons and
surface exciton polaritons. The system we consider is a one-dimensional peri-
odic array of nanorods (or microrods) located on the planar interface between
vacuum and metal (or semiconductor). The dispersion relations display fre-
quency bands and band gaps. Variations of the band structure for each type
of polaritons are explored with the varying parameters, including inter-rod
spacing, nanorod (microrod) characteristics and the type of media involved.
The quantisation of the surface polaritons allows us to explore their coupling
to quantum emitters in the vicinity of the interface, as well as the manipula-
tion of the interaction. This may have implications for quantum information

processing.

We also analyse a two-dimensional periodic nanowire array, and in par-
ticular the related surface plasmon polaritons. We show that they display a

discrete frequency spectrum.
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Chapter 1

Introduction

Over the past couple of decades, the research topic quantum information tech-
nology has attracted a great deal of interest. This is mainly because of the
necessity of high performance data processing, which is predicted to exceed
the capability of conventional silicon electronic devices. Due to their integra-
tion limit, they could hardly meet the rapid growth of data in the long run.
Thus quantum information technology has been proposed as one of the poten-
tial solutions. In fact, quantum information technology itself involves a wide
range of subfields [1, 2] including quantum algorithms, quantum complexity
theory, quantum cryptography, quantum communication, quantum entangle-
ment, quantum dense coding, quantum teleportation, quantum state manipu-
lation, etc. No doubt it shall trigger another science and technology revolution
in the near future. Though both theoretically and experimentally, there have
been vast developments since the concept of quantum information processing
(QIP) was put forward, it is still one of the biggest challenges to realize scalable

quantum information processing for scientists to face and overcome.

1.1 Motivation

Numerous researchers have endeavoured to address the challenge of realizing
QIP via feasible, controllable, accurate, and effective schemes. Among these
schemes, the use of the coupling of light and matter in nanostructures has
attracted broad attention. Nihei and Okamoto demonstrated the coherent con-

trol of an excited atom in photonic crystals [3]; Lixin He studied strain manipu-
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lation of excitons in self-assembled quantum dots [4]; Jakubczyk et al. studied
the light-matter interaction in ZnTe-based micropillar cavities with CdTe quan-
tum dots [5]; Stephan et al. proposed on-chip quantum optics using quantum
dots driven by electric field in micropillar cavities [6]; Walker et al. reported
strong light-matter coupling in a semiconductor planar waveguide [7]; Lu et
al. investigated the polaritons in a ZnO microcavity [8, 9] etc.. In 2013, Pierre
et al. studied the coherence of colliding excitons in carbon nanotubes [10], and

Reimer considered single-photon emission from a nanowire quantum dot [11].

In these studies, concerning light-matter coupling, both theoretical and
experimental, we found that researchers simply focused on the possibility of
utilizing polaritons such as surface plasmons and exciton polaritons interact-
ing with quantum dots. However, researchers rarely considered the coupling
of light with matter in a periodic nano-scale structure. They either focused on
the properties of a micro-structure’s modes, like Mischok et al., who reported
confined modes in laterally structured metal-organic microcavities [12], and
Reinhardt et al. who observed mode discretization in an organic microcavity
including a perforated silver layer [13]. Or in contrast, they studied how the
polaritons interact with quantum dots within a limited number of microcavi-

ties, as in the work of Jakubczyk et al. [5] or Hopfmann et al. [6].

The work presented in this thesis concerns a structure consisting of an
array of nanorods (or micro-rods) periodically located on the planar interface
separating two media: vacuum and metal (semiconductor). This structure sup-
ports surface polaritons and displays frequency bands (or band gaps). Such a
system can be assumed to be a one-dimensional surface photonic cavity and
it can be fabricated using nanolithography [14, 15]. The structure combines
the positive features of surface modes with their strong coupling capabilities
[16, 17] to quantum emitters, due to their small mode volumes [18, 19], to-
gether with the possibility of controlling the interaction with emitters using the
frequency bands or band gaps in this system. Such flexibility of manipulation
is vital for practical quantum information processing. Our system involves a
one dimensional periodic structure, which is composed of an array of rods on
the nano or micro scale, and thus we will briefly introduce the background re-
lated to nano-scale (micro-scale) rods. Moreover, as we are also going to study
the interaction of surface modes with an emitter, it is essential to discuss this
as well. As for the properties of surface modes, we will present them in detail

in Chapter 2.
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1.2 Nano-scale and micro-scale structure

1.2.1 Fabrication techniques

At present, nanotechnology is one of the frontiers of both science and engi-
neering. Huge endeavours have been made on the design and fabrication of
nanostructures. Among the developments in fabrication, nano-lithography
techniques have shown variety. First came conventional nanosphere lithog-
raphy [20, 21], then photolithography emerged [22], then after, electron beam
lithography [23, 24] appeared, and focused ion beam lithography [25, 26] came
into reality. At the beginning of the 21st century, Zheng and Huang in Penn-
sylvania State University, developed cost-effective and high-throughput tech-
niques to fabricate metal nano-structure arrays [15]. Very recently, nanoim-
print appeared, which is beyond the limitations set by light diffraction or beam
scattering in the conventional techniques [14]. Boltasseva reviewed the main
characteristics of nanoimprint technology for fabricating various plasmonic

structures as well as the advantages of these structures in Ref. [27].

Earlier than nanotechnology, microelectronic technologies were mainly
focused on the design and fabrication of electronic devices (systems) or sub-
systems. As a pioneer representative of microelectronic technologies, semi-
conductor technologies for integrated circuits appeared in 1958 [28]. Since
then, various technologies centered on semiconductor design and fabrication
appeared successively, such as thermal oxidation [29, 30], ion implantation
[31, 32], optical lithography [33], chemical vapor deposition [34] and epitax-
ial growth [35], etc.. These technologies helped manufacturers to be able to
fabricate micron devices, e.g. planar-diffused transistors [36], microstrips [37],

to name but a few, with the dimensions ranging from 10 to 2000 microns.

1.2.2 1D nano-structures

Benefitting from state-of-art nano-technology, various kinds of nanostructures
have come into reality. Nano-structures are used as sensors [38], optical wave-
guides [39, 40, 41] etc., and they can also be used for surface-enhanced Raman
spectroscopy (SERS) [42, 43]. Nano-structures can be three-dimensional (3D)
[44], two-dimensional (2D) and one-dimensional (1D), or even zero-dimensional
(0OD) nano-structures [45]. In our work we will focus on 1D nano-structures,
except for Chapter 4, where we will also investigate more about the surface

phonon polaritons interacting with an emitter in a micro-scale structure.

Semiconductor nanostructures such as nanowires, nano-rods, nanobelts,
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nanotubes, have been intensively researched, owing to their unique properties,
such as electronic bandgap, excellent thermal conductivity and high electron
mobility [46]. Thus they have potential application in nanotechnology and
quantum information processing [47, 48]. In our work, we will use a nano-scale
system which is composed of a periodic array of nanorods located between
vacuum and metal or between vacuum and semiconductor. In addition, in
Chapter 6, we will also study the interaction of an emitter with surface modes
in a 2D nanowire array located on the interface of vacuum and metal. We
assume these nanorods to have excellent conductivity. From our analysis the
overall periodic nano-scale structure may show a wide frequency bandgap. It
is then a good choice for us to study how these structures will influence the

interaction of surface modes and emitters.

1.2.3 1D micro-structures

Micro-structures can strongly influence physical properties such as optical char-
acteristics, which in turn govern the practical applications of these structures.
The materials of these micro-structures can be broadly classified into metallic,
polymeric and inorganic semiconductors [49, 50]. Also, dimensionally, they
can be 3D, 2D, and 1D micro-structures. All these types of micro-structures
have been well studied: for example, Wang et al. investigated the construction
of a dynamic three-dimensional microstructure for the hydration of cement
using 3D image registration [51]; Hao Lu et al. reported the basic theory and
method of single exposure interference lithography to fabricate 2D superposed
microstructures [52], Babiker pointed out that a 1D multilayer micro-structure
can be used as a wavelength selective emitter with excellent performance in
thermophotovoltaic systems [53]. In our work, we are interested in 1D micro-
structures which match the characteristic length of surface phonon polaritons
in Chapter 4. This micro-structure is composed of a periodic microrods array
located at the interface between vacuum and a semiconductor. We will ex-
plore how the surface phonon polaritons will be influenced by this particular

micro-structure.

1.3 Emitter-field interaction

As our aim is to focus on the interaction of surface modes with an emitter,
this specific interaction involves two parts: the field and the emitter. In our
work, we will use a two-energy-level emitter for convenience. This could be in

practice either an atom or a quantum dot, depending on the resonance energy
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relevant to the problem. For the field we will consider three different types of
surface modes: surface plasmons polaritons (SPPs), surface phonon polaritons
(SPhPs) and surface exciton polaritons (SEPs).

1.3.1 Surface modes

All three surface modes can display bands (band gaps) at a planar surface be-
tween a dielectric and a metal (or semiconductor). These polaritons are used
to describe interactions in a solid either on the surface or in the bulk.

Often they are distinguished as follows:

(I). Surface phonon-polaritons: coupling of optical phonons with infrared pho-
tons.

(IT). Surface exciton-polaritons: coupling of photons with an exciton.

(III). Surface plasmon-polaritons: coupling of surface plasmons with light.
Polaritons are quasi-particles resulting from strong coupling of electromag-
netic waves with an electric (or magnetic) dipole excitation. The coupling hap-
pens when the electromagnetic wave and the dipole have very close frequency:.

As for the properties of these polaritons, we will discuss them in Chapter 2.

1.3.2 The dipole approximation

In classical electromagnetism an electron moving in an electromagnetic field

with velocity V experiences the Lorentz force [54, 55]:
F = —¢(E+VxB), (1.1)
where E and B have the form:
E = Eoésin(k-7— ot + ), (1.2)

and
B=Eyo ' (kx &)sin(k-7— ot + @). (1.3)

Here the unit vector £ is the polarisation vector, e is the charge of an electron,
Ey is the amplitude of the electric field. o is the frequency of the wave, ¢ is
the initial phase of the wave, k is the wave propagation vector, and 7 is the
position vector. When v/c is small (c is the speed of light), the magnetic term
can be ignored for the Lorentz force. Moreover, if we assume the electric field

to be uniform over the length scale of the emitter, with its wavelength much
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larger than the emitter size, we have

E(t) = —Epésin(ot — @), (1.4)
and

F(t) = eEgésin(ot — ). (1.5)

When F(t) is conservative, it can be obtained from a scalar potential W, with
F=—-VW, (1.6)

so that
W =¢E-7=—E-D, (1.7)

where D = —¢Fis the electric dipole operator. This is called the “dipole approx-
imation” [56].

1.3.3 Transition rate

An emitter such as an atomic system can interact with the electromagnetic field
in three ways. First, there is spontaneous emission [57, 58, 59], for which an
excited state drops to a lower energy state of the emitter. Second, stimulated
emission [60, 61], when an emitter is influenced by the radiation field which
makes the emitter emit a photon. Third, absorption [59, 62, 63], for which
the emitter absorbs a photon of the electromagnetic field which promotes the

emitter state to a higher energy state.

In a homogeneous medium such as free space, the rate of spontaneous
emission in the dipole approximation [64, 63] is given by:

[, = |0l /3nhc’e,, (1.8)

where |u12| = |(i|d|f)] is the transition dipole moment, & is the permittivity of
free space, and 7 is Planck’s constant. In addition,

2= & {w|Flwa) 2, (1.9)

where |y,) and |y}) are the initial and final states with respect to the energy
levels E, and E;, ( E, < E}, ) of the emitter.
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1.4 Thesis outline

In this thesis aiming at manipulating quantum states, we propose an analyti-
cal scheme to describe surface modes interacting with an emitter. The emitters
are located in the vicinity of the interface between two different media incor-
porating a periodic-structure composed of nano-scale rods or wires. Due to
the periodicity of the structure, we will apply Bloch’s theorem to study the
frequency band characteristic. We will consider the effects of different spacing
between the nanorods (nanowires), different materials of the substrate, and
characteristics of nanorods (nanowires). Then by quantizing the modes, we
will calculate the transition rate of the emitter interacting with the various sur-
face modes. The results shall enable us to understand how we could realize the
manipulation of quantum states by adjusting the parameters of the system, or
by choosing an appropriate type of emitter with certain transition rates or by
selecting suitable substrate to match the coupling of surface modes and the

emitter.

The whole thesis contains seven chapters. First of all, in the introduction,
we have argued the motivation of our work, and also briefly mentioned the
background related to the system which will be considered in the following

chapters.

Chapter 2 presents the main properties of SPPs, SPhPs, SEPs, including
the dispersion relations, frequency range, and the variation of the dielectric

function with frequency and/or wavevector.

In Chapter 3, we introduce the boundary conditions for SPPs in a 1D
periodic nanorod array at the interface between vacuum and metal. The focus
of Chapter 3 is to investigate the dispersion relation of SPPs; it also elaborates
the steps necessary to quantize the field, and to calculate the transition rates of

an emitter interacting with the SPPs.

In Chapter 4 and Chapter 5, we will explore the SPhPs and SEPs, first
within a system similar to Chapter 3 and then for a system constituting a pe-
riodic array of microrods. The dispersion relations and the transition rates are
also studied. We will present the findings and compare SPPs, SPhPs, and SEPs

with the results obtained in each system.

Chapter 6 examines a different system which is composed of a 2D peri-
odic nanowire array situated at the interface between vacuum and metal. We
will study the case of SPPs coupled with an emitter. The chapter describes the
boundary conditions, and establishes the dispersion relation.

The conclusion section of this dissertation in Chapter 7 summarizes the



Chapter 1 Introduction

findings and indicates the implications for future research.



Chapter 2

Background

Surface modes are coupled to emitters when their frequencies are in the res-
onant range of spontaneous transition frequencies of the emitters. Surface
modes include surface plasmon polaritons (SPPs) [65, 66], surface phonon po-
laritons (SPhPs) [67], and surface exciton polaritons (SEPs) [68, 69]. In this
chapter, we will introduce the basic properties of the polaritons in bulk, and
surface modes at an interface for SPPs, SPhPs, and SEPs, respectively. We will
mainly focus on the properties of the dispersion relations, including the fre-
quency behaviour of the modes against the wave-vector, the frequency do-
mains, and the relationship between the frequency and the dielectric function.

2.1 Polaritons

Before being able to describe SPPs, SPhPs and SEPs, we need describe briefly
the general concept of a polariton. A polariton is the result of strong coupling
of electromagnetic waves with an electric dipole (or magnetic dipole) carrying
excitation. Generally, the quantum of the coupled phonon-photon transverse
wave field is called a phonon polariton; the coupling between an exciton and
an photon is considered as a exciton polariton [68]; and the coupling of surface
plasmons with light is called surface plasmon polariton. The coupling occurs
when the frequencies and wavevectors of both electromagnetic (EM) field and
the excitation are approximately equal. In a system of two coupled oscillators
with two natural frequencies, when the coupling strength increases, the lower

frequency decreases and the higher increases.
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Figure 2.1: Schematic diagram of field configuration for the p-polarised surface
plasmon at a vacuum-metal interface (adapted from Z Han et al. [99] ). ¢, =1
is the dielectric constant for vacuum, g, is the dielectric function for metal. The
incident wave has the energy 7®w. The magnetic field H, of SP is parallel to the
interface (p-polarised wave), and E of SP is in the xz plane.

2.2 General dispersion relation for surface modes

In a nonmagnetic bulk isotropic medium, the frequency of the incident trans-

verse electric field can be derived from Maxwell’s equation,
Uod>D/dt* = °E, (2.1)

where (i is permeability of free space, D is electric displacement vector, E is
the electric field. We assume that E has the form exp(—iot)exp(ik - 7) and D =
e(w,k)eE. Then we can obtain the dispersion relation:

(o, k)guom® = k2, (2.2)

where &) is the permittivity of free space. As o = 1/c?, @ is related to the
dielectric function €(w, k) by

e(w,k)w?/c? =K. (2.3)

When the surface modes propagate along an interface as a polarisation
wave, e.g. a metal dielectric interface, we call it a surface plasmon (SP). A
schematic representation of an electron density wave propagating along a metal-
dielectric interface is shown in Fig 2.1. The displaced charges produce an elec-
tric field within the xz plane, and the corresponding magnetic field H, is par-
allel to the y-direction. It should be pointed out that no s-polarised surface
oscillations exist because for an ideal interface, there must be a component of
the electric field normal to it, if waves are to be formed propagating along the
interface [65]. We consider that both the electric field and the magnetic field
propagate along the surface (z = 0), and decay in the positive (z > 0) and nega-

10
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tive (z < 0) directions. Choosing the x-axis as the direction of propagation, we

have:
EiZ(Exi,O,EZi) kZ"Z‘ (kyix— wt) (24)

and
H; = (0, Hy;, 0)¢ Rl gikar—or) (2.5)

where k;; are determined below, and the index i represents the media: i = 1 for
z>0,and i =2 for z < 0; and k,; stands for the magnitude of a wave vector
which is parallel to the surface. E| (E,) represents the electric field in vac-
uum (metal), and H; (H,) represents the magnetic field in vacuum (metal). The
eigenfrequency w of the electromagnetic fields is connected with k,; by an im-
plicit dispersion relation which can be obtained from Maxwell’s equations by
applying the boundary conditions across the vacuum-metal interface. Thus
we list them as follows [70, 71]:

V x H; = &y&dE;/ot, (2.6)
VXEZ—#MH/& (2.7)
V-(gE;) =0, (2.8)
V-H; = 0. (2.9)
Substituting equations 2.4 and 2.5 into eq. 2.6 we find:
ikleyl = 0)8180Ex1, (210)
and
ikZQHyz = —W&EE . (2.11)

As k = (ky, ikz;), from eq. 2.3, the relationship of the wave vector, the frequency
and the dielectric function becomes:

k% =k — e/ (2.12)

Moreover, from equations 2.4 and 2.8, we can derive the relation between the
field amplitudes:
kyiEyi+kiE; = 0. (2.13)

According to the boundary conditions [70], the component of the elec-
tric and magnetic fields parallel to the surface must be continuous, so from
equations 2.4 and 2.5, we know

Eqg =E», (2.14)

11
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and
Hyl - Hy2- (215)

In addition, the boundary conditions also require the normal component of

D = g(w,k)E to be continuous at the interface, which means:
& E, 1 =&Ey,. (2.16)
Then when we combine equations 2.13, 2.14 and 2.16 together, we find:
€1 /k;1 + & /kp =0. (2.17)

From eq. 2.17 we know that for the surface modes to exist, £; and & must have
opposite signs, namely,
€& <0. (2.18)

The boundary conditions requires the continuity of E,;, which implies that
ky1 = ko has to be satisfied. Hence, by eliminating k,; from equations 2.12 and

2.17, we find the dispersion relation of surface plasmon:

0 €186
ky=— . 2.19
T eVea+e (2.19)

For real solutions of k,, it has to be:

€€
22> o; (2.20)
&+ &
because €& < 0, thus we have:
e +&<0. (2.21)

It is worth mentioning, that eq. 2.19 is a general dispersion relation for surface
modes, it makes sense only when we specify € and &.

2.3 Plasmons

A plasmon is a collective longitudinal excitation of the conduction electron
gas. It exists both in the body and on the surface of the bulk. It is the result
of the quantization of the plasma oscillations of the free electron gas density
with respect to the fixed positive ions in a metal. One can imagine an external
electric field incident on a metal: it will induce the electrons to move towards
the opposite direction of the incident electric field. When the electric field dis-

12
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appears, the electrons will move back to their original place due to attraction
of the positive ions. Once the external field is turned on, these electrons will
move towards the incident field again. This oscillation back and forth at the
plasma frequency forms the plasmon. In reality, we can excite a plasmon by
reflecting a photon (or electron) from a metallic film or by passing an electron
through a thin metallic film [72, 73, 74], the coupling happening between the
SP and the photon when the wave vector of the incident light (for producing
the reflected photon) in the plane of the surface matches the wave vector com-
ponent k, of the SP.

Plasmons play a pivotal role in the optical properties of metals. The elec-
tric field whose frequency lies below the plasma frequency is reflected, because
the electrons in the metal can screen the incoming wave. If the incident fre-
quency is above the plasma frequency, it is transmitted, due to the electrons
being unable to respond fast enough to screen it. For most metals, the plasma
frequencies are in the ultraviolet range [75], which means that they are reflec-
tive materials in the visible range. In addition, some metals, such as copper
[76], have electronic interband transitions in the visible range, whereby spe-

cific colors are absorbed.

Generally, the dielectric function of the free electron gas has the form
e(w,k) = 1 — @} /w* [77], and the plasma frequency is defined by:

a)[% = nge? /egm*. (2.22)

Here ny is the conduction electron density, and e is the elementary charge, m*
is the effective electron mass, € is the permittivity of free space. In addition,
the plasmon energy can be calculated as:

E, = hy/npe? /m*gy. (2.23)

Where 7: is the Planck constant divided by 27. Thus eq. 2.3 gives:
o — o) =k (2.24)

This is the dispersion relation for electromagnetic waves in bulk material. Fig
2.2 shows a schematic dispersion relation w versus k for the bulk.

13
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Figure 2.2: Dispersion relation for bulk plasmons, showing how the solutions
lie above the light line. [This figure is adapted from ] M Pitarke et al. [65]]

2.3.1 Surface plasmon polariton

In a case of vacuum-metal interface, & = 1 and & = 1 — @, /®* with damping
ignored the eq. 2.19 yields:

ky =

o2 — &2
@ v (2.25)
C

2 _ 2"
20 05

In general, for nonradiative modes which imply k;; is real, from eq. 2.12 we
know, k, > /€@ /c must be satisfied. Thus the dispersion relation lies to the
right of the light line: k, = \/€;®/c. In our case, the light line becomes: k, = w/c.
In addition, we can see that for real values of k, in eq. 2.25, the range of w lies
with in [0, ®,/v/2), which is reflected by the blue curve in Fig 2.3.

2.4 Phonons

The quantum of energy for a lattice vibration is called a phonon. A phonon
is a quantum mechanical description of collective excitation modes in periodic
elastic arrangements of atoms or molecules in condensed matter [78]. Long-
wavelength phonons give rise to sound, while shorter-wavelength, higher-
frequency phonons lead to heat. Phonons are important for many of the physi-
cal properties of condensed matter, such as heat capacity, thermal conductivity
and electrical conductivity [79]. The investigation of phonons is an important
part of condensed matter physics.

14
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Figure 2.3: Surface plasmon polariton dispersion relation according to eq. 2.25
at a vacuum-metal interface (blue curve). The red horizontal line is w = @,/ V2,
the nearly vertical red line is the light line.

Researchers have investigated both experimentally [80] and theoretically
[81] the polar media which permit transverse phonon polariton excitations on
the basis of the well-understood dielectric function with a loss parameter ig-
nored [82, 83]:

2 0
0> — o

e(0) =e——2E%, (2.26)
2 — %

where &, is the dielectric response at high frequency, and wr and @y, are the
transverse and longitudinal phonon frequencies, respectively. The relation be-
tween wr and @y, is named as the Lyddane-Sachs-Teller relation (LST relation)
[84]:

w? /07 = £(0) /&, (2.27)

where £(0) is the static dielectric constant. Using eq. 2.3, we can obtain the
bulk dispersion relation of @ against k as follows:

2 2 32
o’ — 0} 02

K = e .
o0l &

(2.28)

A plot of frequency against wavevector is shown to demonstrate the dispersion
relation 2.28 in Fig 2.5 which is taken from [82].
2.4.1 Surface phonon polaritons

SPhPs are formed by infrared light coupled with optic phonons at suitable
interfaces. In nature, a surface phonon polariton is a transverse magnetic

mode (TM) [81], which propagates along the interfaces of polar dielectrics
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Figure 2.4: Schematic drawing for dispersion relation eq. 2.28 for a material
with polariton dielectric function. The belt-like region represents the forbidden
region of . For real solutions, w is either smaller than wr, or larger than wy.
Here a is a lattice spacing, c is the speed of light. [This figure is from K C
Huang et al. [82]]

[85], and exhibits a large local-field enhancement near the interfaces at in-
frared frequencies. For surface phonon polaritons, the interface is between,
for instance, vacuum and a polar medium, where we have ¢ = 1 and &(w) =
€ [1+ (0} — 0F)/ (0} — 0* —iwy)] [82, 83], and imaginary part y is the damping
factor. As mentioned in section 2.2, the surface polariton dispersion relation eq.
2.19 is also true for SPhPs, thus we may obtain the specific form of dispersion
relation for SPhPs with damping ignored (y = 0):

k, = 9\/( £-(0? — @f) (2.29)

2 e o — a2
¢\ (1+&)0*—e.0f — 0F

A schematic plotting of dispersion curve eq. 2.29 is shown in Fig 2.5 to describe
the SPhP.

We notice that for surface phonon polaritons, their allowed frequency
interval is in the forbidden region for bulk polaritons [86] which are shown in
Fig 2.5 by the shaded areas. This result can be obtained by imposing k, in eq.
2.29 to be real. This gives:

2 .2
Ll0T-0) s (2.30)
(1+ &) 0% — €] — OF
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Figure 2.5: Surface phonon polariton dispersion curve which is between the

two shaded areas for a GaAs-vacuum interface. Shaded areas represent stop
band for bulk polaritons. [After M G Cottam et al. [86]].

Solving the inequality, we then find:

or < o(k) < \/(eooa)f+ ©2)/(1+ €x). (2.31)

When o — wr, the asymptotic values for k, and k;; are ky — @/c and |k;|— 0
respectively, which implies that the surface polaritons are weakly localised at

low frequency; When o — \/ (€0} + 03)/(1+ &), the limit values for k, and
k;1 are ky — oo and |k,;|— o respectively, which illustrates that surface polaritons
are strongly localised in z direction at the high frequency.

2.5 Exciton polaritons

Excitons are bound electron-hole pairs which can move through the crystal and
transport energy; they do not transport charge as each exciton is electrically
neutral. When a photon with energy greater than the electronic energy band
gap is absorbed in certain crystals, an exciton is formed; Or, an exciton can be
produced by photons with an energy value a little lower than the bandgap, as
long as the energy is greater than the difference between the bandgap energy
and the exciton binding energy. Generally one discusses excitons in two dif-
ferent limiting approximations. The first type is called Frenkel excitons. This
exciton is small and tightly bound; The second is the Mott-Wannier exciton, for

which the excitation is weakly bound and the electron-hole separation is large
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in comparison with the lattice constant.

Exciton polaritons result from the coupling of a photon with an exciton.
They were described in 1950s by Pekar [87], Hopfield [88], and Agranovich
[89], etc.. In a bulk semiconductor without the contribution of the exciton, the

wavevector k of the photon can be written as:
K = g,0°/c?, (2.32)

where o is the frequency and ¢, is the background dielectric function. Taking
the excitonic contribution into account, the dielectric constant of the semicon-

ductor can be written as [90, 91]:

o,

£=g (1+$>, (2.33)
Wpx — O — 1Y

where ., is the exciton resonant frequency, wrr is the longitudinal-transverse

splitting of bulk [87], y is the non-radiative decay rate of the exciton. If we

ignore the non-radiative decay rate, we can re-write k in the form of:

@0 [(O— W — O
lex

As we can see from eq. 2.34, for real k, ® has to be in the range [0, W]
Or [,y + Wr7,%0). Moreover, we know that when k = 0, there are two solu-
tions: ® =0 and ® = . + 7. When k — o0, eq. 2.34 has two limit: ® — W,y
and @ — ck/\/€p. [Wex, Wex + @y 7] is a forbidden region, for w, where no exci-
ton polariton exist. A sketch illustration of the dispersion relation eq. 2.34 is
shown in Fig 2.6. As Little pointed out [92], exciton polaritons are effectively
buried in the host materials, so it is difficult to make use of exciton polaritons
in a bulk system. On the contrary, low-dimensional structures, such as planar

microcavities [93, 94], allow for greater control over the exciton and photon.

2.5.1 Surface exciton polaritons

Surface exciton polaritons are electromagnetic modes propagating along the
surface of a medium [95]. Macroscopically these modes decrease exponentially
in amplitude with distance from the surface and have components k, of the
wavevector in the plane of the surface. We assume transverse magnetic (TM)
polarized light propagates along x-direction on the surface, thus the magnetic
field of the light-wave is anti-parallel to the y-direction. If we consider the
surface between a semiconductor and a vacuum, then the electric field of the
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Figure 2.6: Dispersion relation (blue lines) of exciton-polaritons in bulk. The
longitudinal-transverse splitting of the exciton wyr, which is the energy dif-
ference between w,, and the upper branch at wavevector k = 0, its physical
meaning is the stability of exciton-polaritons. [This figure is adapted from ] M
Pitarke et al. [65]].

surface exciton polaritons in the semiconductor can be written as (z < 0):

Ez _ Eoz eikxx—kkzzz’ (2_35)
and for the mode in the vacuum, it can be expressed as (z > 0):

E| = E, * " haz, (2.36)

where we assume that the z-axis is perpendicular to the surface. E; and E;
represent the electric field in vacuum and semiconductor respectively. From

eq. 2.3, the components of k have to satisfy:
K2 — k2 = go? /), (2.37)

where i = 1,2, g stands for the dielectric function of the media, and 7(} = (ky, tkz;).
For the vacuum, we have € = 1; for the semiconductor, we have & = g,[1 +
o7/ (@ex — @ — i7y)]. With the non-radiative decay ignored, we can simplify &

as:
Wex — O+ OLT
&H=&——. 2.38
2=H— (2.38)
As derived in Sec 2.2, we can obtain the dispersion relation:
0 = cke/ (1 +&)/&. (2.39)
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Figure 2.7: The dispersion relation of the surface polariton  versus k is shown
with the red line. The horizontal dashed line represents ® = @y, the horizontal
green line represents @ = @, + w7, the tilted dashed line stands for the light
line. [This figure is adapted from ] M Pitarke et al. [65]].

To satisfy egs. 2.20 and 2.21, we know the range of & has to be &, < —1. In

addition, when substituting &, into eq. 2.39, k, can be rewritten as follows:

0 €p(0 — Wex — OLT)
ky=— . 2.40
T \/(1+€b)w—(1+8b)wex—8bwLT (240

To make k, real, the right side of eq. 2.40 has to meet

gb(a) — Wex — COLT) >0, (241)
(1+&)0— (14 &) Wex — EQOLT

which will introduce a constraint on the range of w:
Wex < O < Wex + wLTgb/(l + gb)' (242)

We show the dispersion relation @ versus k. in Fig 2.7, where § meets the
condition:
Sz(a)ex + o — 5) =—1. (2.43)

In fact, the value of § can be found from ., + @7 — 8 = O + WL7E,/ (1 + &),
which produce § = wrr/(1+¢&).
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Chapter 3

Surface plasmons interacting with
emitters in a structure

with one-dimensional periodicity

In this chapter, we are going to explore a system formed by a periodic array of
metallic nanorods positioned at the interface of vacuum and metal, as shown
in Fig 3.1. We consider the system as strongly confined in the y-direction. We
will determine the system’s surface plasmon polaritons and how they inter-
act with emitters. These emitters could be quantum dots localised between
the parallel nanorods just above the surface. We will show that when short
nanorods are periodically, side by side located on a line on the planar interface
separating the two media, there exist surface plasmon polaritons which dis-
play frequency bands and gaps. The overall quasi-one-dimensional structure
could be considered as a surface photonic cavity, and may be readily fabri-
cated using nanolithography [27, 15]. The surface modes due to their small
mode volumes [18, 19] couple strongly with the emitters [16, 17, 96].

The outline of the chapter is as follows: in section 3.1 we describe the
system. In section 3.2, the system’s characteristic dispersion relations display-
ing band gaps are derived analytically. By varying the system’s parameters,
including inter-rod spacing, nanorod characteristics and the type of media in-
volved, we show that we can control the surface modes’ frequencies and their
gaps. In section 3.3 we perform the quantisation of the surface modes. In
section 3.4, we show how the quantization makes it possible to describe the
coupling of the surface plasmons to quantum emitters in the vicinity of the
interface, which may have implications for quantum information processing.
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Figure 3.1: Model of surface plasmons interacting with emitters in a 1D peri-
odic structure. The schematic inset in the top right corner shows the charge
distribution and the accompanying fields of a surface plasmon. The light yel-
low rectangular strips are the metallic nanorods. These nanorods are oriented
along the z direction, and parallel to one another. The lateral dimension of the
nanorods L, is much smaller than both the height L, and the nanorod separa-
tion d.

3.1 The system

First of all we will describe the model system we use. As we can see in Fig 3.1,
the space above and below the interface is occupied by two different isotropic
media: a dielectric with permittivity & and a metal with dielectric function
& (). Above the interface there is a periodic array of metallic nanorods along
the common axis, x-direction. In this system all the nanorods are embedded
inside a channel bounded by barriers which are assumed impenetrable to elec-
tromagnetic field. The depth of the channel is chosen to be comparable with
the height of the nanorods, as the channel is impenetrable to surface modes,
so that there is electromagnetic confinement in the y-direction (Fig 3.2). This
could be implemented by using another metallic medium with much higher
conductivity. These nanorods have the same dimensions and are made of the
same material. We assume that the width of the unit cell d is considerably
larger than the height of the nanorods L., and we suppose d, L, > L., where
L, is the lateral thickness of the nanorod in the x-direction. In nanotechnology
nanorods stand for nanoscale objects with typical dimensions range from 1 to
100 nm which may be synthesized from metals or semiconducting materials
[97, 98]. The height of the nanorods is assumed to be much larger than the
decay length 1/k;; (1/k;2) of the SPP that forms at the interface of media 1 and
2 for SPP frequencies comparable to the cutoff. In fact, combining Eq. 2.12
and Eq. 2.25 we find kzzlc2 = w*/ (a)I% —2m°) (here we assume that & = 1), so
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Figure 3.2: Illustration of how SPPs are excited and guided into the chan-
nel. On the left brown side, the SPPs can be launched by a method, i.e.
Kretschmann configuration. On the right blue side which is the model sys-
tem in Fig 3.1, the SPPs are guided by the channel arrayed with nanorods (
yellow colour ). The depth of the channel is comparable with the height of the
nanorods.

that when the frequence of the SPP is very low, the decay length will be much
larger than the height of nanorods; while for the frequency close to @,/v/2, a
much smaller value of the decay length will be achieved, which will form tight
confinement for the SPP on the surface of the channel. Thus in our system, we
mainly consider the frequency of SPP in an reasonable range ( e.g. from 0.4®,
to w,/ V2 ). @, is specified as Wp,, in the figures shown in next sections. Be-
cause of this, in the following, the frequencies below the minimum frequency
of 0.4, which is adequate for tight confinement correspond to dashed lines.

SPP is a type of surface wave, which can be guided along the interface in
the same way as light can be guided by an optical fiber [99]. Once launched,
the SPPs will ripple along the metal-dielectric interface and do not stray from
waveguide [100, 101]. Thus we launch the SPP on the left (as shown in Fig
3.2), and guide the wave in the channel, which has width equal to the lateral
width of the nanorods L,. SPPs are shorter in wavelength than the incident
light so they can both have tighter spatial confinement and higher local field
intensity. Therefore, for simplicity, we assume that the confined SPP modes
simply occupy the lowest mode state, which in the y-direction is a sine func-
tion vanishing at both ends of the channel. Of course a general solution for an
SPP field propagating along the y-direction involves a series of guided eigen-
mode branches. For these different branches corresponding to different mode
frequencies, the confinement has potential implications, such as to confine the
transmitted radiation beyond the diffraction limit, which will allow the real-
ization of ultra-compact plasmonic circuitry; Also it is very efficient to couple
with individual emitters due to the confined SPP modes [99]. When the inte-
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gral of the sine function in y-direction is replaced by the integral of its average,
there is no great deviation, so we can suppose the channel has a constant chan-
nel width. The SPPs will propagate along the interface until their energy are
lost either to absorption in the metal or scattering into other directions (such

as into free space).

3.1.1 The channel width requirement

As we have already pointed out, our system is confined in the y-direction,
so it is necessary to estimate a suitable width for the SPP to be confined in
the channel. As we treat the SPP as the classical electromagnetic wave, and
employ the lowest frequency mode of the surface mode, and assume that the
confined waveguide which is air-filled has the minimum width of AL,, then if

we broaden twice of the Fourier bandwidth limit we could have [102]:
ALyA(ky) > 1, (3.1)

As Aw = cAk,, where Ak, is the deviation of SPP’s wavenumber, Aw is the de-

viation of the frequency, then we know:
Aw > ¢/AL, (32)

then
AE = hAw > hc/AL,. (3.3)

If we choose AL, = 400 nm, then the minimum energy change is
AE = hAw ~ 0.5eV. (3.4)

As in general, the SPP’s energy is usually in a range from 3.6 eV (for Ag) to
14.9 eV (for Al) [103], thus when the substrate material with %®), close to 15
eV, and the channel width is 400nm, the frequency deviation can be reduced to
3%, under this condition, we assume that the channel is large enough for the
SPPs to neglect the change in frequency with respect to the frequency of the
mode outside the channel. However, for smaller channel widths, the infrared
cutoff of the SPP branch used should be taken into account. For simplicity, in
this thesis, we only consider channel widths which are large enough to neglect
this deviation of frequency. Applying the Fourier bandwidth limit enables us
to choose a proper channel width, and this method will also be applied in the

following chapters.
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3.1.2 The property of surface modes

In this chapter, we consider the medium above the plane z = 0 as vacuum
(¢ = 1), while below z = 0 the substrate is a metal with &, =1 — 001%}32 /®? in the
absence of damping. Here ®,,, is the plasma frequency of the metal. A plasma
oscillation in a metal is a collective longitudinal excitation of the conduction
electron gas [104, 105], while a plasmon is a quantum of this plasma oscillation
[106].

Because of the surface plasmons’ longitudinal property [107, 108], we
suppose that above the interface the vertical z-component of the surface modes
in unit cell n, can be expressed as a linear combination of the forward and back-

ward waves along the x-direction:
El(g) (Z,X) _ Elze—kzlz—ia)t [a(n)eikx(x—nd) + b(n)e—ikx(x—nd)], (3.5)

where a and b are the coefficients of the forward and backward waves,
respectively. Ej; is the amplitudes of the waves’ z-component. k, and k;; are

the x and z components of wavevector k in the vacuum, respectively.

According to Maxwell’s equations, the magnetic field H and the electric
field E have the relation:

V x H = gyg,0E /0t = —iweye,E = —iweoe; (EV,0,E" ))- (3.6)

1x

Above the interface (z > 0), the magnetic and electric fields are H = (0, Hl(y) ,0)

and E = (E E" 0, E( )) respectively; & is the vacuum permittivity, €, is the rela-

1x >

tive permittivity. Also
VxH= —z&H /8z+k8H /8x (3.7)
so by comparing eq. 3.6 and eq. 3.7, we find:
OH!) |dx = —iweoe  Er.e k1710 [qWihslrnd) 4 () —ikilend)] - (3.8

(n)

and we can obtain H o

HY = _%e—w—iw (") gikex—nd) _ p(m) ik (x—nd)) (3.9)

Thus we have:

/ 9z wgoellckZIElz ey 201 [ ) gikexnd) __ p(n) iki(—nd)] (3.10)
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Because 8Hy£") /07 = —iwsoelE)g"), we have

El(;) _ %e—kzlz—iwt [a(n)eikx(x—nd) _ b(n)e—ikx(x—nd)]. (3.11)
X

Our solution is derived by analysing two kinds of boundary conditions:

the first is the interface between the two different layers media 1 and 2; the

second occurs between two neighbouring unit cells separated by a nanorod.

In the following we will show that, from each type of boundary condition,

we can obtain a dispersion relation, thus the final solution for the SPPs in our

system should satisfy simultaneously both dispersion relations.

3.2 Dispersion relation

3.2.1 Dispersion relation from boundary condition at the in-

terface of the two media

On the interface of two media:

()] &1&
ky=—y] ——. 3.12
= Vete (3.12)

As mentioned before, in this chapter we consider a dielectric-metal interface,
with the dielectric constants €, = 1,and &, = 1 — a)l%g2 /(@?+iyw) [109, 65]. Here
y is the damping factor. Typically the ratio of y/w is less than 1% [110, 111],
e.g, for Ag, the ratio of y/ is nearly 0.2%; for Al, the ratio is in the range from
0.5% to 1%; for Cu, the ratio is greater than 0.4% and less than 1%. Hence there
is no great deviation if we ignore the damping factor by using a simpler form
of dielectric function & =1 — wgsz /@? in the following calculation. The plasma
frequency of the metal is defined by the relation wﬁgz = nye® | €yMperal, Where n,
is the concentration of the electrons in metal, and m,,; is the effective mass
of the electron . We introduce a characteristic length d, = ¢/ Wpe, and write
kyd, = ky to simplify eq. 3.12 as:

_ w?/o: —1
=2 Po (3.13)
2(02/(0582—1

L)

This dispersion relation is shown in Fig 3.3.
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Figure 3.3: Schematic of simplified dispersion relation eq. 3.13, obtained from
a vacuum-metal interface.

3.2.2 Dispersion relation from nanorod array periodicity

Due to the fact that the nanorods determine a periodic sequence of unit cells
along the x-direction, the Bloch wave vector Q has to be taken into account.
Bloch’s theorem states that the eigenfunctions of the wave equation for a peri-
odic potential must be of a special form [112]:

y(i+R) = Ry (), (3.14)

where R = di is a lattice vector of the crystal, and k = Q% is the Bloch wave
vector. Our model is a periodic array; we assume the number of unit cell 7,y
is large enough that the approximation n,,,, = o applies. In fact, as researchers
[113] discovered, when the number of the unit cells in periodic structures gets
to n = 50, it is sufficiently large that it can be considered as infinite for the
following equations 3.15 and 3.16 to be hold. Thus we can apply Bloch’s the-
orem, and the coefficients within the electric and magnetic fields maintain the
properties:

a1 = (") gi0d (3.15)

and

pirtl) = pln)id (3.16)

where Q is the one-dimensional Bloch wave vector along the x-direction. Thus
without loss of generality, we consider the boundary condition at x = nd across
the nanorod. The parallel electric field is continuous:

M

1Z

=gy, (3.17)

Z
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So the boundary condition applied to E: gives:

El(iZ:Hrl) _ Elzeszlzfiwt [a(n)eikx(xf(nJrl)d) +b(n)efikx(xf(n+1)d)]eiQd‘ (3.18)
In addition, the boundary condition for the magnetic fields is determined by
Ampere’s law:

HY —HY = o(0)LE, (3.19)

where we have used that L, is much smaller than all relevant length scales.
Also,

Hl(;Jrl) _ wgolflElZe—kzlz—ia)t(a(n)eikx(x—(n+l)d) . b(n)e—ikx(x—(n+1)d))eiQd_ (3.20)
X
Substituting the corresponding components eqgs. 3.5, 3.9, 3.18 and 3.20 of the
surface modes into eqs. 3.17 and 3.19, we obtain the following equations:

(1— eiQd—ikxd)a(") +(1— eiQd+ikxd)b(”) =0, (3.21)

and

(M (1 — 4=y _ 1160 4 (M (—1 + /24Ky — 1]p() = 0. (3.22)

Here for the sake of simplicity, we have written —we,€,/0(®)Lck, = M;,
and o(w) is the nanorod material conductivity [114, 115]. By equating the
determinant formed from the system of equations 3.21 and 3.22 to zero, we
find another dispersion relation:

2

d kod ink dwpnanokax (3 23)
cos Qd — cosk,d = —sink, ngl .

Here we have used 6(®) = —i®&uuno(®), while @2 =n,e*/m*¢, is the nanorod’s

nano

plasma frequency (m* is the effective mass of the electron of the nanorod). The

dispersion relation eq. 3.23 is illustrated in Fig 3.4 with different parameters.

3.2.3 Combining the two dispersion relations

In Fig 3.4, we assume L, = 10 nm, and we use d=d /d,, in terms of the char-
acteristic length d, = ¢/ ®p,, in the order of magnitude 10~"m, to represent the
width of the unit cell, with d varying from 0.01 to 2. One thing we wish to
note here is that the values for d in Fig 3.4, do not always respect the constraint
d > L,, however, we wish to only emphasise how the dispersion relation de-

pends on d.
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Figure 3.4: Schematic dispersion relations of ®/w,,,, against k. Blue lines
represent Qd = 0, red lines represent Qd = &; between the blue and red lines
is the band, shaded in grey. The four panels correspond to different values of
parameter d=d /d,, as labeled.
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d=1
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k.
Figure 3.5: Intersection of the two dispersion relations eq. 3.13 and eq. 3.23

when supposing ®,,,,, = @p,,. The grey areas are the frequency band of

®/0p,.., against k,, and the brown line is the dispersion curve of eq. 3.13;
the red areas are the band gaps resulting from the common solution of the two
dispersion equations.

The surface modes in our system correspond to the common solution of
the dispersion relation egs. 3.13 and 3.23. Choosing the parameters, e.g. d = 1,
and ,, = @p,,,,, and combining Fig 3.3 and Fig 3.4, we graphically show the
intersection of the two dispersion relations (Fig 3.5).

In Fig 3.5, the bands formed by the dispersion relation 3.23 are shaded in
grey, while the white areas are the gaps for eq. 3.23, i.e. where there are no
allowed solutions for eq. 3.23. The magenta lines correspond to points with
Qd = &, while the blue lines to points with Qd = 0. When searching for a com-
mon solution for egs. 3.13 and 3.23, Fig 3.5 shows that only values of eq. 3.13
(brown curve) between 2 consecutive blue (Qd = 0) and magenta (Qd = 7) lines
are allowed. This implies that the red areas in Fig 3.5 identify the gaps. Fig 3.5
then shows interesting features which are different from the dispersion rela-
tion when there is only an interface between the two layers and no nanorods
(such as eq. 3.13):

(I) due to the nanorod array’s periodicity, the curve of the system dispersion
relation is not continuous.

(Il) at small k,, where it has photon-like behaviour, the band gap width with
respect to k. increases with increasing k.. (See red areas in Fig 3.5).

One more point which is worth mentioning is that the dispersion relation
3.23 in the four panels of Fig 3.4, shows that the smaller the unit cell width d,
the wider the band of o/ w),, against ky, which also implies wider band gaps.
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3.2.4 Relation between surface plasmon frequency and Bloch

wave vector

We wish now to study the relation between w and the Bloch wave vector Q.
From the dispersion relations eq. 3.13 and eq. 3.23, we can eliminate k, and
obtain:

2_m2
r 2 @ ke [P Y%
- — _ Pnano d, Wy 202 —w?
o ( P£2 d & P£2
- 20?2 — @2 20%e
p£2 pgz 1
- 0?—w?
2 Pey
0] (D2 — 0)2 - wpnunoLx 2(1)2—(02
= —sin( e q) ' (3.24)
202 — w? 200, £d ’ ’
p82 p82 pgz 1¢o

I
2 Pey

0)2 — (1)1% N wpnanoLx 202 —w?
) d Pey

207 - @2, 200y, €1d,
(3.25)

cos Qd = cos ( @

wp &

Now, if we choose to define Q = 0/w,,,, the above equation becomes:

Q-1 . | Q@1 . [e-1. ,
cos Qd = cos (Q md)—sm(ﬂ\/zgz_ 1d)\/292_ 1wapm’w/2981dowp€2,
(3.26)

so we can obtain the expression for Qd against the other parameters in a gen-

eral form:

Q21 . . Q21 . [ Q2—1
Qd = arccos[cos (Q md)—sm(ﬂ\/zgz_ 1d)\/292_ 1an)§mm/2§281dow1%£2].

(3.27)

From the above equation, we can clearly see that for Q — 0,
Qd = arccos(1 — aTwaI%mm / 2(1)1%£2 €1dy). (3.28)

When we choose different parameters, the plot of the relation Q against Qd
can be obtained. Two examples are shown in Fig 3.6, with the parameter val-
ues given in the caption. Fig 3.6 clearly shows the presence of gaps in the

dispersion curve.
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Figure 3.6: Plottings of w against Qd for different parameters, and Ly = Ly/dy.
Both panels have the same parameter p,,,, = 20),,, but panel (a) has L,=0.1,

d = 3d,; and panel (b), L, = 0.24, and d = 4d,. Near the top of both panels, the
lines do not always reach to 7= due to numerical imprecision.
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To understand eq.3.26 better, we can fix d and L, and observe how the
factor w,,,,/®p,, influences the relation of Q against Qd. In this way we can
understand the behaviour of the SPPs by choosing different materials, when
the unit cell width, and the width of the nanorod are fixed. In Fig 3.7 we plot
three cases with d = 3 and L, = 0.1d,. For typical metals, the plasma frequency
may vary from, e.g. 1.244 x 10" s~! (Pt) , to 3.57 x 10'> s~! (Al) [110], which is
why in Fig 3.6 we use a ratio of ,,,,,/®p,, in the range [0.5:3.0], this represents
possible combination of the nanorod and substrate materials. We notice that
with the ratio of p,,,, / ®p,, increasing, the first branch of Q against Od is lower

in values, and the width of the gap of Q = ®/®,,, at Qd = 7 increases.

We also found that Q = 1/+/2 is the limiting value for the dispersion re-
lation. When the value of Q approaches 1/v/2, as shown in Fig 3.6 and Fig
3.7, it is apparent that the band and gap regions alternate very rapidly when w
increases. Mathematically, this is due to the dispersion relation containing the
term /(Q2—1)/(2Q2—1).

The nature of the solutions for the coefficients ¢ and b(”), implies the
bi-directional propagation of the surface modes forming travelling waves on
the one-dimensional periodic structure. This point to some degree has been
verified by recent experiments [116].

3.3 Quantization of the surface plasmon field

From the previous section, we can understand the properties of surface modes
in terms of the dispersion relation. In order to understand how these modes
interact with emitters, it is essential to quantize the field first, then to calculate
the interaction of the field and matter. For simplicity, we consider multi-level
atoms as emitters. Once the field is quantized, we will apply Fermi’s golden
rule [117, 62] to calculate the transition rate of the emitters at resonance with

the surface modes.

From quantization theory, the electric and magnetic fields contribute the
same to the total Hamiltonian in vacuum [118, 63]:

R 1 . L
Hoacuun = 5 / (&|E|* + o|H|?)dF, (3.29)
which implies:
f 1 P22 o 1 712 g2
G{E:E/80|E| dr:J-Cﬁ:E/u0|H| dr. (3.30)
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Figure 3.7: Schematic diagrams show band gaps change with the ratio of
Oppano/ @pe,- For the panels (a), (b) and (c) the ratios are 0.5, 1.5, and 3.0 re-

spectively. Here d = 3 and L, = 0.1d,,.
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For the magnetic component, we have

—

A= /(f(% P)g + H.C)dO, (3.31)

where, in our case, f (%,?)dQ = Hl(y'f)&Q, with d¢ the annihilation operator, and
H.C stands for the Hermitian conjugate of f(k,7)dp. In our system, the only
wavevector variable in fact, is the Bloch wavevector Q (which means that k,
could be expressed as a function of Q), hence in momentum space the modes
are characterised by only a one-dimensional wavevector Q. The annihilation
and creation operator must satisfy the commutator [dp, dTQ,] =06(Q— Q). Then

using eq. 3.9 we obtain:

Fhag=— wioel Ej e kaz=iot () giks(x—nd) _ p(n) p=iki(x=nd))q (3.32)
X
and
f* (7&, 7>aA1-Q _ (X)Z)Csl Eikzeszleriwt (a*(n)efikx(xfnd) . b*(n)eikx(xfnd))af\TQ. (3.33)

From eq. 3.30, for the purpose of calculating the total Hamiltonian, we need
only to employ the magnetic field or the electric field. Choosing the magnetic
component as an option, we calculate the quantization of the field. Suppose
we have an infinite number of unit cells, then Bloch’s theorem can be applied.
So by substituting eqs. 3.32 and 3.33 into eq. 3.30, we can write:

A

1 o
j_(:Iivacuum = E/AU’Usz?
12 plrtl)d Ly/2 - _—
_ / x/ dy/ dz/dQ Hap+ H*al /a’Q (Frag +H*a,)

2>
-y / M / - ay [ dzy [ a0(- 5 By et ) i)

n
( ) —iky (x— nd))aAQ . wioel Eikze—kzlz—Ha)t (a (n )e—zkx(x—nd) _ b*(n)eikx(x—nd))af\g]
x
/dQ 608081 Epe ! z—iot (a(n)eik;(xfnd) _ b(n)efik;(xfnd))aAQl
_ (l)ifgl E* —k z+iot (Cl *(n) —ik;(x—nd) B b*(n)eik;(x—nd))af\él]‘ (3.34)
X

The calculations for quantizing the Hamiltonian are quite onerous and are re-
ported in full in Appendix B. Here we sketch the calculation for just one of the
terms involved. We use a' = (0@, p(n) = p0)¢iOnd  From the eq. 3.34 we
take the first two product terms of dp in the third line and the al o in the sixth
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line and denote it as:

. Uo & /(n+1)d / / /0)8081 kz—iof
H == dx d dz{( E 2
HIT = ; y L y {( 1z€

Xa(n)eikx(x—nd)deQ>(_ U)ifgl Ee —k! ot *(n ) iky(x—nd) AQ/dQ )}
X
/"oLva’ 2, e EY, kg +K. ke (x—nd) A
S /0 o~ (katk)z g / ") k=) 40

X/a()zk(x ndATdex

. .uolyCOZS g E2 (0 /
T 2k (k 1+k’)
(al?)

/ /n—i—l
_HoLw882E2 0 (n+1)d —ky)x /d
T 2k (kK // k—k’) *
d

oH(Q—0Q")nd—i(ke—k)n AT deQ

Q Q/)nd"’(kx k/)(x ”d)}dxaQaQ/deQ

 MoLy@’e2€}E} (al”)
2kl K
(al)

ol
>

i(Q—Q')nd /54T
/ e — K1) e dQdQ dgp ol

= /“‘oLz:’; 811+k’ ) /Ze 0—0')nd gik—K)§ L ((k(k_k/k)/) >deQ/A ATQ/,
(3.35)
we then note that,
Y i@ Qnd  _ fi(0-0d(| _ fil0-Qndy (| _ ,i(0-0)d)
Li(0-0)(n+1)a/28in[(Q = Q)nd /2] (3.36)

sin[(Q — Q')d/2] ’

with limy, . (sin[(Q — Q')nd /2] /sin[(Q — Q")d/2]) = 27x6(Q — Q') /d. Using these
properties we obtain:

. poLyw?e2e? ,
¢ fi(0-Q)(nt1)d/2
HT = ok (ke +k’ / /
s deithKd/2 sin((kx —k})d/2)
(kx - k;)d/2
TC‘UOLy(D 2E2 (a(0)>2
B / kaﬂ

dQdQ ag AT

dgaydQ. (3.37)

Similarly, we can repeat this process for the rest of the terms, as reported in
Appendix B. Thus we finally obtain the Hamiltonian:

/ﬂ[,LOL VE2E 02| E L, |?
VaCMMm - (

2
e 2 450 )(dgdyy + ahag)dQ. (3.38)
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In the medium, the general form of the Hamiltonian[119] is

medmm 2/|: (‘uw)HZ:| d?a (339)

dw

where € = g&,.(w,k) = €&, U = Uolr (@, k). While for surface plasmons in metal
medium, we suppose U = lp, and & =1 — w}j@ / 2. As

d(ew)/do = (1 + wﬁgz/aﬁ) £, (3.40)
then the Hamiltonian in metal medium becomes:

metal = 2/ 80 E2—|',U0H2]d r. (3.41)

We first calculate the magnetic part of the Hamiltonian in metal substrate.

While the magnetic field in metal medium & is:

Hz(;) _ wso]ijzz kaz=ion () gikilx—nd) _ () =ik(x—nd)] (3.42)

thus
787 = — 22 Ere i (o) g, (3.43)

and
0 ?)cfQ _ wizsz E5 kartion (q+ () g—iki(v—nd) _ b*(n)eikx(x—"@)&g, (3.44)

We denote the magnetic part of the Hamiltonian as J(y, , then it can be writ-

ten as:

j,:Clhlmeml /lu'ondr
12 ptl)d

/2
/) dy/ dZ/dQ chlQ—|—H* T /dQ Hlan—l-H aQ/)

T 2%
Z/ o /Y/ d)’/ dz_/dQ[—wgogzEzzekzzz_iwt(a(n)eikX(x_nd)
. ) ky

( ) —iky(x— nd)) ag— wiogz EékzekZzericot (a*(n)efikx(xfnd) _ b*(n)eikx(xfnd)>aATQ]
/dQ [_ (D8082 kK yz—iot (a(n)eik;(x—nd) _ b(n)e—ik;(x—nd)>a/~

Ql

B (1)2/;82 EikzekZZZ_Hwt (Cl (n )e—ik;(x—nd) b*( n) ikl (x— nd)) TQ/] (3.45)

Follow the same steps as we did for the Hamiltonian in vacuum, we finally
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obtain the result for ff{Hmml in metal (more details can be found in Appendix
B):

TUoLyE 5O |Ex:* (002 (0)2\ 0 ot At A
%Hnetul / 2](22]()% (Cl + b ) (ClQClQ + aQaQ)dQ (346)

Likewise, we can expand the electric field and calculate the integral of the elec-
tric part of the Hamiltonian in metal, we finally can obtain the result as follows:

7r,u,,L g2ez a)Z\EZZ|2 02
}CEmelal /(1 + ) 2k22k2 (a ) + b( ) )(aQaQ +aQaQ)dQ (347)
So in metal medium, the total Hamiltonian is H,perq = if{Hmml + ff{Ememl:
2 202,22 2
. ©, mu,Lyeses 0| Ey,| 2 2
_ P ) z 0 0 (4nah +ata
Honetal = / (2+—3) 2"kzzk% (@ + 607 (@gal, +ajag)dQ. (3.48)

Because & E, = &E,,, and ,f—ll + ,f—22 = 0, we can further get
Z Z

2 20, e
(@ +p© )(aQag + a&ag)dQ.

(3.49)

Compare the two forms of Foacuum and Foperar, we find a relationship between

A zz_/(2w2 1%)81 TloLyese 02|E|?
meta.
(0 — w?) 4k k2

them: ) )
. Lo+ w,)e

H = 75 . vacuum, .
metal 4((0127 — 602) (3 50)

while H; i1 = Hvacuum + Homerar, thus we have:

. Qo*+w))er\ [ rulelelw?|Ey,[? o A At A
J{tolal: <1+ P / 0 1 | Z| ( —l—b() )(aQaTQ—f—aTQaQ)dQ.

4(0)1% - (02) kzlkz
(3.51)
We know the total Hamiltonian for the system is
- | T
Hiotal = / Ehw(aQClTQ +azzaQ)dQ, (3.52)

we finally can obtain the amplitude of E;,, which determines the surface modes’
strength:

2.2 P
|E12‘2(a(0)2—|—b(0)2) _ hk;1kzc 4(wp ®?)

(3.53)

We can then determine the surface modes’ vertical and in-plane components
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using the relation E», = Ej k. /k;. We find:

hkak2c> A2 4w, — °
Elzza(o)zz ’ xcz 21 B2 A( 2 (2 g 2> Ve, (3.54)
2Ly we,e7 A+ B* 4(0; — 0°) + (20% + 7)€
and 2y ) ) )
Elzzb(o)z . hkzlkxc B 4(wp — ) (355)

 2L,we,e} A2+ B2 4(02 — 0?) + 202 + 0})e)

where we have defined A = 1 — ¢!Q4+tkd and B = 1 — ¢'Qd—kd  4(0) and H(©) can
be related as a(?) /b(®) = A/B.

As a result of the quantization process, the feature of SPPs are known,
and we are now ready to calculate the transition rates corresponding to surface

modes interacting with the emitters.

3.4 Transition rates of emitters interacting with SPPs

Now we study how the surface modes described in the previous sections may
interact with emitters positioned just above the two-media interface, (see Fig
3.1). We will assume that the surface modes travelling along the x direction and
decaying on both sides of the interface are a small perturbation to the emitters
located above the interface.

We consider the emitters to be single neutral atoms and use the electric
dipole approximation [56]. Using Fermi’s golden rule, we will calculate the
transition rate of the system. For simplicity, we will focus on a two-level atom
and the transition to a quantum state | f) after applying a perturbation to quan-

tum state |i). Then the transition rate can be obtained as:

2
= %|<i;0|Hint|f§ 1)|*8(E; — Ey)
— 27” (i;0| —d - E|f; 1)* 8 (E; — E)
2 = —
- %I(i\—d'|f><1|E|0>|25(Ei—Ef)- (3.56)

Here 6(E; —Ef) = 6(E, — E; — hw) = 0(hw, — hw) = §(w, — w)/h, with E;, the
emitter’s energy of initial state, E; the energy of final state; We assume the

energy of the ground state E, is the final state energy, and E,, the excited state
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energy is the initial energy, and 7w is the energy of a quantized plasmon. Also

(1|E|0) = 1|/dQ Eap+H.C)[0)

— (0l0) [ doEs(0~ Q)
=E(Q). (3.57)

In eq. 3.56, d is the electric dipole moment operator of the emitter. So the

absorption transition rate can be obtained as:
U= [ 22|l 1) P (5~ Ef)
= [ 21001 —d-Elps1) P8 (s~ Ey)ag
= [ 210~ dif) - EQPS(E ~ Epdo. (359)
Because E has only two components, Ei; and Ej;, eq. 3.58 becomes:
r= [2Ziil-dls)-EQ)PS(0, - 0)ag
= [ 2FNidilf) - Eve+ Gl L)

:[*8(w, — ®)dOQ. (3.59)

Because (0w —ay) =8(Q—Q,)/|dw/dQ| =|dQ/dw|5(Q — Q,), the above equa-

tion becomes:

5 d
C= [ 22 B+ ldl) - Bl 52150 - 0)d0. (3.60)

From eq. 3.26 we can derive dQ/dw = f(Q,d), where

f(Q,d)=
w e ey dcos(l’},C Dk, Q.+ sin(kd) QK. — 2 sin(kd )k,
[dsin(k.d)k., 3 STO3 2

]/(dsin(Qd)wp,, )-
(3.61)

. ~ 2_ 2 ~
In which &, = (\/ 2%2711 + (292_1)32/?(92_1)1/2), T = eldowlz,gz/an)gnm and k, =
Q./(Q2—1)(2Q2 —1). Thus

(Q,d)). (3.62)

2. :
= ?|<l|dx’f> Eve+ (ild:| f) -
With the help of the egs. 3.5, 3.11, and 3.61 we can obtain the exact result
of the transition rate for a specific multi-level emitter with certain initial and

final states. In the particular case, when the dipole is parallel to the surface, eq.
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3.62 becomes:

2mc?k} ek 4(05 — 0?) 8

s 2 _
e ww e AR CRUIIGS

while if the dipole is perpendicular to the surface, we have:

|227rc2k21k§e*2kz12 4(0F — o?) s

' = |<l|dz|f> hlwgoglzw 4((012) — 0)2) T (20)2-1-0)]%)81 f(A+B)|f(Q‘7d)(364)

In egs. 3.63 and 3.64, f(A — B) and f(A + B) are defined as:

A2 iky(x—nd) B? —iky(x—nd) ?
flA-B)= ‘ \ a2 B2° ~\az e - B8)
and
_ / A2 iky(x—nd) B? —iky(x—nd) 2

Now we introduce the free space emission rate I', = |,u12|2w03 / 3nhcle,, where
\ti2| = |(i|d|f)|, and use it to express the result in eq. 3.63 and eq. 3.64 in a

comparative way as:

Ty _smickge Hop - ?) FA-BIfQ.d), (3.67)
Lo Ligtow} 40— a?)+ (20’ + o)) 1)l
and
L, _ 67k kge 2t 4w, — 0) )
B A+B)|f(Q,d)], (3.68

with Iy = [p2, 2w /3nhc’e, and T, = |p1n, |*@] /37hc’e,. Here Hiz, and o,
correspond to |ty | = [(ilde|f)] and [p12, | = [{ild:] ).

It it essential to understand the scale of I',,, and therefore, we take a two-
level atom such as a hydrogen atom, as an example. According to the selection
rules [63, 120], for spontaneous transition within a hydrogen atom, the quan-
tum numbers / = 1 and m = 0, =1 must be satisfied for the excited state. Hence,
the 2P — 1S transition rate is

I

02p—318 = ’H12’2w3/3717hc380

= (2/3)8am,c? /h
=6.27 x 103571, (3.69)

where o = 1/137 is the fine-structure constant, and m, is the mass of the elec-
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tron.

In order to maintain consistency with the figures in Fig 3.6, we plot the
corresponding Iy (Fig 3.8) and I'; (Fig 3.9) against Q with the same parameters
Oppanor Dpeys d, Ly as in Fig 3.6. There will be a cut off for the lowest acceptable
vaule of Q given by the condition 1/k;; < L. For L, ~ L, =200 nm we have
that 1/k; = L, corresponds to Q = 0.3.

When we compare the Fig 3.8 and Fig 3.6, we see that the gaps in Q are
reflected in Fig 3.8 for both I') and I'; . This is also true when comparing Fig
3.9 with Fig 3.6. We notice that when Q is between 0.6 and 0.8, the relative
transition rate is quite high, which implies that when the surface modes are
phonon-like (see Fig 3.3, where 0.6 < Q < 0.8 corresponds to large ,), the cou-
pling is considerably strong, which indicates strong local field enhancement
in the vicinity of the boundary. It is not surprising that the relative I'j and
I'; are such high. In fact, average surface enhancement factor is on order of
10*-108 [121, 122]; and the maximum surface enhancement factors, so far as we
know, are on the order of 10'2-10'* (e.g., for large Ag colloidal cluster system)
[123, 124, 121]. In our system, the strong local field enhancement implies that,
the periodic nanorod array could be useful for emitter-field interaction. For
small Q, the corresponding %, is small, for which the wave is photon-like. In
this range, the coupling is much weaker. Also, when k, is larger, the lifetime
of the surface modes is longer, namely, when phonon-like surface modes are
interacting with emitters, the interaction time is longer. This should provide
a better opportunity to control the transition of the excited states to ground
states.

Our findings also indicate that we may be able to manipulate the quan-
tum states: (a), by switching on or off the specific regimes of frequency Q of
the stimulating field, so that the transition between the excited and ground
states can be controlled; (b), by increasing the frequency to the edge of the
gap, where the transition also stops. This physical meaning should provide a
feasible option when applied in reality with flexibility.

3.5 Conclusion

In this chapter we discussed a promising scheme where surface modes can
be coupled to emitters located just above the interface between a metal and a
vacuum with a periodic nanorod array. We demonstrated that these surface
modes are travelling waves. In fact, this feature has been verified to some

degree by experiments [116, 125], where the researchers found there exist trav-
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Figure 3.8: Sketch of the relation of I'j/I'g| against Q = @/, for the
same rest parameters as in Fig 3.5 in the presence of the periodic nano
-rods array (for panel (a), Ly = 0.1, d = 3d,; and for panel (b), L, = 0.24, d = 4d,,).
The emitter is at the position x = d/2, and L, = 300 nm.
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Figure 3.9: Diagrams of the relation of I'; /Tp, against Q = ®/®,,, within the
periodic nanorods array ( panel (a), Ly = 0.1, d = 3d,; panel (b), L, = 0.24, d =
4d,). The emitter is at position x = d/2, and L, = 300 nm.
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elling plasmons at the interface between vacuum and metal when a nanostrip
array is embedded at the interface, though the reports of these experiments
[116, 125] did not include a theoretical description. Our theoretical results pro-
vide predictions of the surface modes’ properties including the wave’s ampli-
tude, phase velocity, frequency, and dispersion relation. Moreover, due to the
small volume of these modes, it is easy to couple the modes to emitters located
in each unit cell. By choosing an appropriate frequency, the emitters will be
resonant with the SPPs.
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Chapter 4

Surface phonon polaritons
interacting with emitters in a
one-dimensional periodicity

structure

In the previous chapter, we have demonstrated that when nanorods are pe-
riodically arranged on the planar interface between a dielectric and a metal,
there exist surface plasmon polaritons which display frequency band gaps. In
this chapter, we consider the surface phonon polaritons and study their char-
acteristic dispersion relations with similar structures to those considered in the
previous chapter. Firstly, we will find the solutions for the two types of bound-
ary conditions, which will provide us with the dispersion relation of  against
k or Q. Secondly we will quantize the EM field in order to find the surface
phonon polariton’s amplitude. This will allow us to calculate the transition
rate of emitters interacting with a specific surface mode.

4.1 The system

In this section, we will first consider the dispersion relation of the surface
modes between a vacuum and a polar medium (such as a semiconductor) in-
terface, which has a similar structure as shown in Fig 3.1. Surface phonon
polaritons, as we mentioned in Chapter 2, are transverse magnetic modes re-

sulting from the coupling of infrared photons with optical phonons. As in
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Chapter 3, we characterised the two different media by &; and &. We consider
again medium 1 as vacuum, namely & = 1; while for medium 2 we choose a
polar medium, a semiconductor, for which the dielectric function is described
as [82]:

0} — 0F

. 4.1
0z — 02 —ioy (1)

&(0) =eo(1+

Here €., = €(®)|p=- is the high-frequency limit of the dielectric function [84];
or and @y, are the transverse and longitudinal phonon frequencies, and 7y is a
damping factor [126]. Usually, the damping factor is rather small compared
with the phonon polariton frequency (the ratio of y/wr or y/wy is in a range of
1% — 5%) [127, 128], therefore the deviation can be ignored when we assume
Y = 0 in calculation. The surface phonon polariton is a TM wave [129], which
means the magnetic component is parallel to the interface, so the components
of E are perpendicular to the H,. Due to the periodic property of the model, it
is possible that the wave component &, runs along both directions of x and —x.
Following the way we described in Chapter 3, we assume the z component of
E to be a linear combination of the forward and backward waves along the x
direction in unit cell n:

EW = Ey e kw0t [qn) gike(x—nd) () - ikelxnd)] (4.2)

1z — ~l&

in medium 1, and:

Hl(;) _ wgokglElze—kzlz—iwl [ (M pikx(x=nd) _ p(n) e—ikx(x—"d)], (4.3)
meanwhile
E](;) _ kz.lkElz o kaz—ior [a(n)eikx(xfnd) _ b(n)e*ikx(xfnd)]7 (4.4)
IKy

the parameters n, L, and d have the same meaning as mentioned in Chapter 3.

4.2 Dispersion relation of the SPhPs in a structure

with one-dimensional periodicity

4.2.1 Allowed frequency interval

By applying the usual electromagnetic boundary condition at the interface, one

can obtain [130]:
()] E1&
k. = — . 4.5
x = \/81 s (4.5)
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For simplicity, we here ignore the imaginary part of &, namely we set the
damping factor y = 0. By using eq. 4.1, k, can be rewritten as:

kng\/( &n(0? — af) (4.6)

2 2 27

from which we can write @ in terms of k, , w; and w;, [130]:

Eoo 1/2
0 (k) = S[(1+ €)E7K; + e — 205 (k)] (4.7)
where
Agpi (ky) = [(1 4 €0) k2 + €O )* — 460C* k2 (0F + £ 0F). (4.8)

Recalling that the right side of eq. 4.6 has to be real and taking & < 0 into

consideration, we have the condition:

€ (@? — 0F)
(1+ €0) 0? — £ 0} — 2

>0, (4.9)

we find that the surface phonon polariton modes occupy the frequency inter-

val:

or < o(k) < \/(eooa)L2+ ©2)/(1+ €x). (4.10)

A sketch of SPhP is shown Fig 4.1. We now introduce a characteristic length
dy» = c¢/or, then eq. 4.6 can be written as:

léxzsz\/ & (@ — o/ 0F) 4.11)

(14 €0) Q2 — €00} /02 — 1

where k, = kyd,p, and Q = ® /or. It is apparent that the interval for the SPhP
frequency depends on wr, @y and €.. If we consider the range of w/wr and
use the LST relation [84]:

w? /0? = £(0) /&0, (4.12)

where £(0) is the static dielectric constant, we find that the range of w/wr is
[1,4/(1+¢€(0))/(1+ ). Table 4.1 gives the numerical values of this range for

various semiconductors and provides us with feasible options when we con-

sider choosing appropriate materials for our system. For example, if we need
a narrow frequency band, we may choose GaSb, InSb, etc. When a wide range
of frequency is needed, one may choose Csl, ZnS, etc..
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Figure 4.1: Phonon polariton dispersion curves follow M G Cottam et al. [86];
where panel (a) is the curve for an intrinsic GaAs/vacuum interface. Panel (b)
zooms on the scale of the surface mode. Both curves are to the value o/or =
1.0; the almost vertical dashed line is the light line in vacuum.
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Table 4.1: The range of frequencies of surface phonon polaritons in semicon-
ductors. €. and €(0) are from the experimental result of Verma et al. [131];
except the Csl, which is derived from K C Huang et al. [82]

Material &. €(0) Rangeof w/wr

GaSb  14.44 15.69 [1,1.04)
InSb  15.68 17.88 [1,1.06)
AlSb 1024 12.04 [1,1.07)
GaAs 10.88 12.85 [1,1.08)
GaP 911 11.11 [1,1.10)
AlAs 816 10.06 [1,1.10)
InAs 1225 15.16 [1,1.10)
AlP 7.54 9.80 [1,1.12)
InP 9.61 12.55 [1,1.13)

[

[

[

[

[

[

ZnTe 728 9.67 1,1.14)
SiC 6.52 9.70 1,1.19)
ZnSe 620 9.20 1,1.19)
CdTe 721 10.76 1,1.20)
ZnS 513 8.32 1,1.23)
Csl 3.0 533 1,1.26)

4.2.2 Dispersion relation

As in Chapter 3 section 3, we use Bloch’s theorem to calculate the second dis-
persion relation. Because of Bloch’s theorem, the coefficients in eqs. from 4.2
to 4.4 will have the properties: a"*!) = a("¢'@4 and b"*+1) = p(Mi?, where Q
is the one-dimensional Bloch wave vector. When applying the boundary con-
dition across the rods between two neighbouring unit cells, as has been done
in Chapter 3, we find the second dispersion relation has the same form:

0y, Lk

L
cos (Qd) — cos (ked) = — sin (kyd) —Lrme ——

4.1
202%g; (413)

Now if we combine the first dispersion relation eq. 4.6 and the second

dispersion relation eq. 4.13, we obtain:

oo (02 — 7
cos Od — cos @ ( L)z 2d =
¢\ (14 &0)0? — €00} — 07

(DZ L Em(a)szz)
. () 800((02 — (Og) Pnano” X (1+€m)w2—8wwg—a)%
—sm | — d .

¢\ (14 €0) 02 — €00} — 02 20c

(4.14)
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From equation eq. 4.14, we can find a relation between Q and w:
® £ 0% — F
Qd = arccos[cos | — ( L )2 5d
oo (W2 —})

2 2 ; Ly 2 2 02
sin ) oo (@2 — ;) J Prano (1+&n)@ —soca)L—a)T]
¢\ (1+&0)0? — £.07 — 0F 20c '

(4.15)

As we have set the characteristic frequency Q = w/wr, then eq. 4.14 be-

comes:
2
w
cos Od — cos [QS(Q) “’TTd] — _sin [QS(Q)wTTd] SoaeS(Q)Le (4.16)
. Sm(Qz_w2/w2) 5
where S(Q) = \/(1+8w)92_8wLw£/Tw%_] = ky/Q.

From eq. 4.15 we can calculate the range of allowed values of Qd. The
lowest value of Qd is when Q = 1, which gives:

ord , wrd (02
d|yart = n2re) 121 Zpnano g1y | 417
Qd|qrr = arccos [cos {S( ) . } sin {S( ) . :|2CCOTS( ) (4.17)

Similarly for the other extreme, we obtain:

S(Qlim>Lx 3

2
wrd| ©
Qd ’ end — arccos Pnano

2gz'limch

d
cos {QlimS (Qlim>£:| —sin {Qlims (Qyim)
C
(4.18)
where Q;,, = \/(gooa)%/a)% +1)/(1+ &). Table 4.2 shows values of Qd|,s and

Qd| g for different materials:

Table 4.2: The values for wr and oy are from C Kittel [79]; P M Amirtharaj et
al. [132]; and K C Huang et al. [82], wr and @y, are in unit of 1013 571,

Material Qd|§lt§r1r00"m Qd|d=100nm or or

end
GaSb 0.231 0.242 43 4.6
InSb 0.231 1.394 35 37
GaAs 0.231 1.629 51 55
GaP 0.232 2.404 69 7.6
InAs 0.231 2.373 41 45
InP 0.234 2.527 57 6.5
SiC 0.251 2.325 149 179
ZnS 0.250 0.444 5.16 6.63
Csl 0.271 2.545 7.54 10.05
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Figure 4.2: The graph shows the relation of Q against Qd, where the parameters
are: L, = 10nm , d = 100 nm, the substrate is made of Csl, and & = 1. For these
parameters, Od|sqr = 0.271, Qd|ong = 2.545.

4.2.3 Results in nano-scale system

By choosing specific parameters w;, @r and ®,,,, in a nano-scale system, we
suppose the cell width d, the width of nanorod L, and the channel width L,
are in the order of nanometer, then we can obtain the dependence of ® on Q
from eq. 4.14. As an example, we choose the substrate to be made of CsI, for
which w7 =7.54 x 1013 s71, o = 10.05x 103 571, &, =3.0[82], and & =1 as
we mentioned above. As for the nanorod, we choose gold with the parameter
Opons = 2183 x 1015 s71 [110] fitted in the Drude model. The plotting of @/®r
versus Qd is shown in Fig 4.2. To understand this dispersion better, we plot the
relation with different parameters. First, we change the unit cell width d, and
keep the rest of the parameters the same as in Fig 4.2. The result is shown in
Fig 4.3. When we compare the results in figures Fig 4.2 and Fig 4.3, we notice
that as d increases, the starting point of Qd on the x-axis moves towards larger

values.

Secondly, vary L, and keep the other parameters the same as in Fig 4.2,
we obtain the result as shown in Fig 4.4. It demonstrates that when changing
L,, the lowest allowed value of Qd is also changed: the smaller L,, the smaller
the value of Qd. The overall trend of the curve remains the same as in Fig 4.2
and Fig 4.3. (We need to emphasise that in order to show how the dispersion
relation changes with L,, the values for L, do not always obey d >> L,.)

In addition, in Fig 4.5, we plot the dispersion relation of w/wr against
cky/or in two extreme cases: panel (a), when d is large, and much greater than
the thickness of the nanorod; panel (b), when L, = 0. It can be seen that in both

cases, both d is considerable large and L, = 0, the result is essentially the same.

52



Surface phonon polaritons interacting with emitters in a
Chapter 4 one-dimensional periodicity structure

1.30F
1.25 — B
1.20
.15
1.10
1.05

1.00
0.0 05 10 15 2.0 2.5

od

1.30
1.25 e
1.20
e T
1.10
1.05

1.00L . ; : : .
g0 obh 1.0 1.5 2.0 245

od
(b)

Figure 4.3: Plottings of relation w/wr against Qd with different unit cell width.
Parameters as in Fig 4.2 but panel (a) has d =200 nm, and panel (b) has d = 500
nm. Here for panel (a), Qd|sar = 0.338, Qd|.na = 2.836; for panel (b) Od|sar =
0.513, Od|eng = 2.877.
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Figure 4.4: Plottings of relation ®w/wr against Qd with different width of
nanorods. Panel (a): L, = 5 nm, and panel (b): L, = 50 nm, with the rest of the
parameters the same as in Fig 4.2. For panel (a), Qd|sarr = 0.193, Od|ong = 2.780;
for panel (b) Od|sar = 0.510, Qd|.nq = 2.821.
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Figure 4.5: Diagrams of dispersion curve @/wr against ck,/wr under two ex-
treme conditions. Panel (a) has d = 1000 nm,L, = 10 nm; and panel (b) has
d =100 nm, L, = 0 nm.
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Additionally, the results for these two extreme cases, could in fact have been
anticipated as there is no nanorod on the interface, and the dispersion curve

o/ or against ck,/@r is just as for a simple vacuum-polar medium interface.

In summary, there are some features we find from the results in the fig-
ures:
(I) In contrast to SPPs, SPhPs in the presence of a one-dimensional array of
periodic nanostructures do not obviously show a frequency band gap for the
dispersion relation w/wr against Qd. This point may be explained that for
SPPs, when the frequency approaches its limit ® = ,,, / V2, the frequency gap
gets smaller with the increment of w, especially at the edge of Qd = 7, the dis-
persion curve reverses to the opposite direction where it shows the smallest
gap of . However, the frequency of SPhP is usually two orders of magnitude
lower than for SPP, thus for SPhP, the frequency band gap becomes hard to
observe at the end of Qd on the x-axis when the system is in a nano dimension.
(II) The whole interval of ®/wy is located in [1, \/(sooa)f/a)% +1)/(1+&)].
(ITI) The width of the unit cell decides the curve’s original position. As d in-

creases, so does the smallest allowed value of Qd. L, plays a similar role as d.
(IV) For the extreme cases when d is very large compared to the width of
nanorod, or L, = 0, the model’s dispersion relation matches the situation of

a vacuum-dielectric media interface in the absence of the array of nanorods.

4.2.4 Results in micro-scale system

However, we may notice that d,» = ¢/@r, the system’s characteristic length,
has in fact, the magnitude of 10> m. It is then worth considering the features
of dispersion relations in a system with dimensions close to 10~>m, namely, on
the order of micrometer. Therefore we present some more results (Fig 4.6 and

Fig 4.7) with respect to systems with characteristic length.

As can be clearly seen, in Fig 4.6 and Fig 4.7, when the lengths d and
L, are comparable to d,», both dispersion relations @/wr vs Od and /@y vs
cky/wr display the folding phenomenon expected from the periodicity of the
structure, and in particular display band gaps. By adjusting the parameters,
such as varying d or L, in an appropriate range, we can observe how the dis-
persion curves vary. We provide examples in Fig 4.8 and Fig 4.9 to illustrate
the changes.

In comparison with the nano-scale system, we summarize the features of
Fig 4.8 and Fig 4.9 as follows: Fig 4.8 panels (a) and (b) show that when L,
is smaller, the band gap is smaller; and vice versa. As we expect, when L, is

small enough, the band gap disappears, which is what we observed in a nano-
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Figure 4.6: The plotting of dispersion relation of w/wr versus Qd. The pa-
rameters of the figure are: d = 10 x 10°m,L,=1.0x10> m. & = 1, and the

substrate is the same as in Fig 4.2, Csl, for which wr = 7.54 x 1013
s~1. Different from Fig 4.2, here we choose ®,,,, =

w;, = 10.05 x 1013

s~! and
w7, which

implies that the quasi-nanorod is made of a doped semiconductor. The top
zigzag lines show the trend that when the lines approach the limit of w/wr,
more and more foldding branches turn up.
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Figure 4.7: The sketch of dispersion relation of w/wr versus ck,/wr. The pa-

rameters of the figure is: d = 10x 107> m, L, = 1.0x 107° m. ®,,,,
,and @ = 10.05x 107 5!

wr =7.54x 1013 7!

= or,
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Figure 4.8: Schematic plottings of w/wr versus Qd with different width of mi-
crorods. Panel (a) and panel (b) share the same parameters as Fig 4.6 except
one parameter is different: for panel (a), Ly =5 um, and for panel (b), L, =2

um.
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Figure 4.9: Plottings show the relation of w/wr versus ck,/wr with different
width of microrods. Panel (a) and panel (b) share the same parameters as Fig
4.6 except one parameter is different: for panel (a), Ly = 5 um, and for panel
(b), Ly =2 um.
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scale system. From this point of view, by adjusting the width of the rod, we
are able to select the width required for a specific frequency band in order that
the surface phonon polaritons interact with emitters in optimized conditions.

The frequency gaps in Fig 4.9 correspond to the gaps in Fig 4.8, for both
panel (a) and panel (b), respectively. This is different from Fig 4.5, for which
the dispersion relation is obtained in a nano-scale system and the dispersion
curves are divided into several sections. With the increment of frequency, the
gaps in frequency become smaller. Comparing Fig 4.8 and Fig 4.9, we see for

both figures that the frequency is in the same range as in a nano-scale system:

[1,4/ %} , which indicates that whatever the scale of the system, the do-
main of the frequency remains the same. One point that should be noted is
that, with the increment of w/wr, the gradient of the dispersion curve becomes
smaller, even close to zero, which implies that the surface modes move more

slowly at higher frequencies.

4.2.5 Determine suitable system by applying Fourier bandwidth
limit

As mentioned in Chapter 3, we can estimate a suitable channel width by ap-
plying the Fourier bandwidth limit for the surface modes to be sustained in
the system. In general, the SPhP’s energy is in the range of 27 ~ 59 meV
[131, 82, 132], now if we apply Fourier bandwidth limit as we did in Chap-
ter 3,

AE = hA®w > hc/2AL,. (4.19)

If we choose the minimum product for the above equation, then we can ob-
tain a range of minimum channel width AL, € [1.6 ~ 3.5] um for which typical
SPhPs can be maintained in our system. Also, it allows us to choose the ap-
propriate channel width, in order that the deviation of energy can be ignored,
e.g. when AL, = 10 um, AE ~ 1 meV, thus the deviation of energy is less than
4%. In addition, by comparing the theoretical results for nano-scale system
and micro-scale system, we can determine that only in the micro-scale system

does our theoretical analysis hold.
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4.3 Quantization of SPhPs and the transition rate of

an emitter

4.3.1 Results from quantization of the SPhPs

To quantize the modes of the surface phonon polaritons, we follow the same
steps as in Chapter 3 and we obtain the amplitude of E, as (details attached in
Appedix B):

2.2
20002 | 1(0)2\ _ hk1kic 1
y 0+1 |:3+800 <(O2*w2 - (0)27(02)2 >:|
T T
Further, we can obtain:
2.2 2
> (02 _ Dkakicm A 1
Elza B 2Ly608 82 A2—|—32 a)z_a)g 20)2(@%—0)%) ) (421)
(g [3+8w (wz_w% - (wz_w%)z >i|
and
2.2 2
2,.(0 2_ hkzlkxc B 1
EIZb N 2L, 0€,e2 A2 + B2 0> -0}  202(02—?)\]’ (422)
.} (4 1 |:3+800 <(J)2—w72~ - (wz_w%)z )i|

where A = 1 — ¢/%4kd and B = 1 — /99~ In the quantization process we
have determined the surface modes” amplitude. This makes it possible to cal-
culate the transition rate when surface phonon polaritons interact with two-

level emitters.

4.3.2 The transition rate when SPhPs interact with emitters

Having calculated the transition rate in Chapter 3, section 3.4, we know the

result:

0= [l -dln) - EQ)Ps(e, - 0)ag

= [ Fldis) Bt ) PO (0, - 0)dQ.  (423)

Here 8(w — an) = S(Q?I(é,'Q") = |%|5(Q —Q,), thus eq. 4.23 becomes:

C= [ e Gl EePI G250 - 0)de.  (@24)
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From eq. 4.14 we find (the derivation is shown in Appendix A):

2
4o dsin(kd)K,+ “’581—@? [dwk, cos(ked)K. + @ sin(ked k. — 2 sin(ked k]

= _ 4.25
do sin(Qd)d ,(4:25)
where
2 2
vo=1 ol PR (4.26)
c L\ (1+&n)0? — ent0f — 0F
N 0’6 ( 0} — 0F) |
V(02— 0)[(1 +22) 02 — 20} — 03]
Thus the transition rate has the form:
27 .
Z%ﬂM%UYEu HdV>Eﬂ| ’QQo (4.27)

With the help of equations 4.2 and 4.4, we now can obtain the result of the
transition rate for specific two-level atoms with certain initial and final states.

When the dipole is parallel to the surface, the transition rate is:

ke ! ra-5)%2
hLygoglz(g [3+800<w2—w£ 2(1)2((9%—@%))} 0=0,"

Ty = [(ild:l f)[?

oo (0o

(4.28)

While if the dipole is perpendicular to the surface we have:

‘22c2k21k2 —2kaz 1
hLy€,€3 @ [3 Lel (aﬂ—wg _ 2(02((0%—602))]

o (0o

T, = |(ild:|f) f(A +B)! |Q Q-

(4.29)

Using free space emission rate we can obtain eq. 4.28 and eq. 4.29 in a neat
way respectively:

513 2k,
Lo 1 B2l g, @30
L, Lyelow? [3 c (wz—wf_zwz(w%_wg)ﬂ 0=0,s (%
Il + (02—(0% (CO2—(L)72~)2
and
[, 6rcok,kle kit 1
L, Leoo o of @] (4+B) Gelo-0,.(43D)
) O |34 (Gt )|
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where, T, = |2 2@ /370 e,, Ty, = |ph2, |* @, /37hc e, and

Az B 2
f(A _ B) _ ‘ rem ezkx(xfnd) o v +B2671kx(xfnd) 7 (432)
and
A2 , B2 ) 2
f(A+B)= ‘ Va0 e (4.33)

Now we are in a position to obtain the transition rate for any set of pa-
rameters. From equations 4.30 and 4.31, we can see that the transition rates I'
and I are proportional to k2| and k|, respectively. This reflects the fact that
with a bigger decay factor (which implies the energy is more concentrated at
the interface), the transition rate is higher, and vice versa. Moreover, if we com-
pare equations 4.30 and 4.31, we see that I'; is also proportional to k)%, which
indicates that when the dipoles of the emitters are perpendicular to the inter-
face, the larger the k, the higher the transition rate. In addition, the transition
rate decays with the distance of the emitter from the surface z, and is inversely
proportional to the longitudinal channel width L,.

The transition rate is also connected to the transition frequency w, = |E; —
Ei|/h, where E, and E; represent the excited and ground state energies for a
two-level emitter respectively. The higher the @, the lower the I'y and I'; . It is
also linked to the functions f(A+B), f(A—B), and ]j—g| as well.

Because the transition rate is also related to the frequency of the surface
phonon polariton, to understand the properties of the transition rate, we plot
I /T, against o/or, and I'; /T, against ®/wr as shown in Fig 4.10. These
figures correspond to the results for the microscale structure in Fig 4.6. We
choose the channel width 10 um, so that the deviation of the SPhP energy can
be ignored as mentioned previously. As can be seen from the plottings, for
a periodic micro-scale system, they have frequency gaps for SPhPs, by which
one can enhance the lifetime of the emitters by suppressing the release of ex-
citation energy. Also, when the frequency lies in the range of the excitation
frequency of the emitters, this will lead to enhanced de-excitation.

4.4 Conclusion

In this chapter, we have studied the surface phonon polaritons” properties in
a nano-scale system with a periodic nanorod array. We found that surface

phonons on the periodic nanostructure hardly show any frequency band gaps.
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Figure 4.10: The plottings (a) and (b) show FH/FOH vs w/wr and I'; /T, vs
o/ wr respectively. Parameters are based on Fig 4.6 for both panels: d = 10 x
1072 m, Ly = 1.0 x 1075 m. & = 1, the substrate is CsI with w7 =7.54 x 1013 571,
and @; = 10.05 x 103 s~!. The emitters are located on the interface at z = 0.1d
at the point x = d/2, with L, = 107> m.
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At the same time, we also investigated the surface modes’ property in a micro-
scale system. As anticipated, we found well folded dispersion curves with
band gaps. For a micro-system, we analysed how the dispersion curves change
by varying the parameters, such as the width of the rod, and demonstrated that
bands (band gaps) can be utilized to manipulate (stabilise) the quantum states
of an emitter. By applying the uncertainty principle, we found that the SPhPs

can exist only in the micro-scale system. In addition, when the frequency ap-

proaches the limit \/ (€} /@2 +1)/(1 + €), the variation of ® is slow, which
means with the increment of ,, the increasing speed of ® is gentle. This feature
allows large values of k,, which implies that the surface phonon polaritons oc-
cupy a small mode volume making possible strong coupling capabilities. Fur-
ther, the quantization of the field allows us to calculate the transition rates of
the surface modes interacting with emitters. We explored the general condi-
tion when the emitter resides in the vicinity of the interface, and studied two
specific examples; namely, when the dipole of the emitter is parallel or perpen-
dicular to the interface. The examples predict that in a micro-scale system, it is
feasible to carry out manipulation of quantum states; however, compared with
SPPs in a nano-scale system, the coupling is weaker.
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Chapter 5

Emitters coupled by surface exciton
polaritons on 1D periodic

micro-structure

In previous chapters, we have investigated SPPs and SPhPs interacting with
emitters located just above the planar interface between two dielectrics combed
by a nanorod/microrod array. In this chapter, we consider surface exciton
polaritons and study their dispersion relation within a similar structure. In
section 5.1, we explore the behaviour of the SEPs with the boundary condi-
tions being taken into account. A suitable system scale is also considered. The
dispersion relation will then be presented and compared with the dispersion
relation of SPPs in Chapter 3. Next, we present the results for the quantized
field and for the transition rate of emitters interacting with SEPs. We will show
that in practice, compared to SPPs and SPhPs, SEPs are more restricted for ma-

nipulating the quantum states of the emitters.

5.1 The field properties in the periodic-structure

In this section, we are briefly going to introduce the surface modes’ features.
For convenience, here we use the same model as Fig 3.1. As mentioned in
Chapter 3, the space above the interface is occupied by a vacuum of dielectric
constant £; = 1 and the space below by a medium of dielectric function &. On
the interface, along the x-direction, the rods are positioned in an array in a
channel of width L,. It is worth mentioning that, the suitable channel width
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could be chosen by applying the uncertainty principle in the same way we did
in the previous chapters, as long as we know the typical SEP frequency. For
instance, for GaAs, the frequency of SEP is approximately 2.3 x 1013 s~! (see
Ref. [133]), in order that the deviation of can be ignored (suppose Aw/®w < 5%).
Then following the same method as in section 3.1, Chapter 3, we find that the
allowed minimal channel width is 1um. For ZnO, the SEP frequency is around
8.2 x 10" s7! (see Ref. [134]), which allows a minimal channel width of nearly
4um, when taking the frequency deviation to be negligible. Meanwhile, the
allowed channel width indicates that the demension of the system is in the
scale of micrometer. The width of each microrod is L,, and the width of the
unit cell is d.

Surface exciton polaritons are modes propagating along the surface be-
tween a crystal and the adjacent medium; These surface modes decrease ex-
ponentially in amplitude with distance from the surface [95]. Following the
same considerations as in section 3.1, Chapter 3, the expressions of the surface

modes’ components are the same as previously:

E](Z) — E ¢ kazmiot [ oM giks(x=nd) 4 p(n) efikx(xfnd)], (5.1)
and
El(?) _ k1 Eq; o kaz—ior [a(n)eikx(x—nd) N b(n)e—ikx(x—nd)]‘ (5.2)
* ik,

For the magnetic field we have:

Hl(;l) _ w80]€81E1Ze_kzlz—iwt [a(n)eikx(x—nd) . b(n)e—ikx(x—nd)], (53)

Knowing the surface modes provides the opportunity to investigate the dis-
persion relation of the SEPs in our system.

5.2 Dispersion relation of surface exciton polaritons
on 1D interface

In view of the unique feature of surface exciton polaritons, in this section we

first present the relation between frequency and the in-plane wave vector; then

we calculate the SEPs dispersion relation with the periodicity of the system
being taken into account.
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Figure 5.1: Sketch of dielectric function with respect to frequency. [This figure
is adapted from A Kavokin et al. [91]]

5.2.1 Analysing the dispersion of SEPs

As in previous chapters, we take €; = 1. For a semiconductor, when the damp-
ing factor is neglected, we have &(w,k) = &,[1 + o7/ (0.x — ®)] [133, 91]. Here
&y is the background dielectric constant when there is no exciton in the semi-
conductor; w,, is the exciton resonant frequency, and w7 is the transverse-
longitudinal splitting. To analyse the dispersion relation k. = 2/¢1&, /(& + &)
mentioned in Chapter 2, which is also true for SEPs, we can simplify the dis-
persion relation as k, = 2/& /(1 + &). In order to see how & () changes with

o, we provide the sketch shown in Fig 5.1. The green hatched area of Fig 5.1
indicates the allowed frequency range for SEPs on the plane z =0,

Wy < O < Wy + COLTSb/(l + Sb). (5.4)

Also, k, can be rewritten as

0] &(0 — ey — OLT)
k, = — . 5.5
x C\/(1+8b)0)—(1+85)wex—8bwLT ( )

It should be noted that the range of ® is: (@ex, Wex + @178,/ (1 + €)], and the
interval of (A ® = wrre,/(1+¢€) ) depends on two factors: w7 and g,. We
provide a table giving the range of  for several typical semiconductors in
Table 5.1 [135, 136, 137, 138, 139]. As can be seen for different materials, the
interval of w varies substantially from material to material. For GaAs (@, =
2.3017 x 105 s71) [133], awrr = 0.1215 x 10'? s7!, and &, = 13.69, which means
that the allowed bandwidth is within [2301.7 x 10'? s=! (2301.7 4 0.11323) x
10'2 s711; while for ZnO (@, = 8.1626 x 10'* s71) [134], wyr = 7.596 x 1012 s~ 1,
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Table 5.1: The range of longitudinal-transverse frequency splitting of SEPs in
semiconductors. These results are obtained from M Wegener et al. [135]; M
Uemoto et al. [136]; M A Kaliteevski et al. [133]; ] Wicksted et al. [138]; M
Grundmann [137]; and S F Chichibu et al.[139]

Material fhopr/meV g A @in 1012 g1 Reference
GaAs 0.08 13.69 0.113 Kaliteevski
ZnSe ~1.3 8.1 ~1.76 Wegener/Grundmann
CdS ~ 20 9.38 ~ 275 Wegener /Wicksted
ZnO 5.00 8.86 6.83 Uemoto/Chichibu
CuCl 5.65 5.56 7.28 Uemoto

and g, = 8.86, which indicates that the bandwidth of @ is [816.26 x 1012 s~ 1
(816.26+6.83) x 1012 s7!].

5.2.2 The system’s dispersion relation

As in previous chapters, from the boundary condition across a microrod, at
x = nd, we have: Ef;’) = EI(ZH) with

E(n+1) _ Elzeszlzfia)t (a(n)eikx(xf(n+l)d) + b(n)efikx(xf(n+1)d))eiQd. (5.6)

12

Similarly, the current in the microrods implies that: H () _ g = G(w)LxEE") ,

1y 1y Z
with
Hl(;yzﬂ) _ 0)80:1E1z e—kzlz—ia)t( oM pike(x—=(n+1)d) _ p(n) e—ikx(x—(n+l)d)> ¢ (57)
X

By substituting the corresponding components of the surface modes into the

two conditions, we find the dispersion relation:

2

d — cosked — — sinkyd e 5.8
cos Qd — cosk,d = —sink; 0% (5.8)

We here present two examples to show how the dispersion relations @/ @,
against Qd and ®/w,, against k, depend on the material. For a first exam-
ple (Fig 5.2), we take GaAs with the parameters [133] 7., = 1.515eV (@, =
2.3017 x 1015571, hayr = 0.08meV(wrr = 0.1215 x 10'%s71), g, = 13.69 at 4K.
For a second example (Fig 5.3) we take ZnO with the parameters from Ref.
[136] and Ref. [134].

As shown in Fig 5.2, for GaAs, the range of ®/w,y, according to the cho-
sen parameters, is [1, 1.00005]; By contrast, for ZnO (Fig 5.3), the range of @/ ®,,
is much wider: [1,1.0084]. In practical applications, if the surface exciton po-
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Figure 5.2: Schematic diagrams show relations of /., against Qd (panel (a))
and w/w,, against k. (panel (b)), at the interface of vacuum and GaAs. The
dimension of the system is: d =15 ym, L, = 1 um.

laritons are used to stimulate emitters, the emitters must have a transition fre-
quency very close to the frequencies of the SEPs, and thus the wider the fre-
quency range of the SEPs, the more likely the resonance is to happen between
an emitter and an SEP. This indicates that compared to GaAs, ZnO is a better

choice for carrying out the coupling of a SEP to an emitter.

In addition, we know from Chapter 3 that the bandwidth of surface plas-
mons is far greater than that of exciton polaritons. Therefore if we wish to
use SEPs to stimulate emitters, their frequency has to be carefully matched to
that of the specific type of the emitter, which suggests a serious restriction for

flexible application using SEPs to manipulate the emitters’ transitions.

Nevertheless, as we can see from both Fig 5.2 and Fig 5.3, they have sim-
ilar features: with the increment of Qd, or ck,/®,,, the value of ®/®,, also in-
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Figure 5.3: Plottings of relations of ®/w,, against Od (panel (a)) and ®/ @,y
against k, (panel (b)) at the interface of vacuum and ZnO. The dimension of
the systemis: d =15 um, Ly = 1 um.
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creases. Also, with ®/w,, increasing, the gradient of both curves gets smaller,
which means at higher frequency, the SEP moves slower. This phenomenon is
common to SPP and SPhP.

It should be pointed out that the dispersion relation for SEPs does not
show zone folding in our system, whose dimension is close to the characteristic
length ¢/ w,. In fact, we come to the conclusion that where there is a restriction
of the system’s dimension, as happens in a relatively narrow band width (the
band-width of SEPs is even narrower than SPhPs), it is difficult to form the

folding for the dispersion relation.

5.3 Field quantization result and the interaction of
SEPs with emitters

In Chapter 3, we have discussed the quantization process with a detailed de-
scription, and also presented how we calculate the transition rate for surface
modes interacting with emitters. In this section, to avoid repetition, we present
the brief results of the electric field after being quantized, and of the associated

transition rates.

5.3.1 Field quantization result

Following the same quantization process as in Chap 3, section 3.3 (derivation

details can be found in Appendix B), we obtain the vertical and horizontal

components:
E (0) hkzlk)%cz 1 A2 (5 9)
aVV = , )
Iz 2Ly €.} [3 te (wexa;f)jgu 4 (waiLg)wV)} A2+ B2
and
E b(o) . hkzlk)%CZ 1 B2 (5 10)
T 2L, e, €2 oy —O+OLT 07O A2+ B%’ '
y 0“1 3+8b Wor— O + (w_wex)2

where A = 1 — ¢/94tkd and B = 1 — /%44 From eqs. 5.9 and 5.10 the exact

form of any corresponding wave component in the unit cell can be derived.
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For instance,

El(g) :Elzefk“z*iwt( (n) ikx(xfnd)_'_b(n) fikx(xfnd))
:eszlzfi(m[Elza() ik (x— nd)+E b() iky(x— nd)] iOnd
_ kazionignd | Mkzikic? ! f(A+B),
2L, €, €} [3 te, (wex(;wj‘(g)LT I (wngZVﬂ
(5.11)
and
El(;l) _ ’% Eyoekision () gike(x—nd) _ (o) ~iks(x-nd)
1
_ ’@ o kaz-ion [, 4(0) giki(rnd) _ g p(0) = iki(x-nd)] iOnd
ik
1Ky 2L (1)8081 [3+8b <wexa:wja()9LT + (a)ng)ZP)]
(5.12)

where \/f(A+B) = \/A2+32 \/A2+Bz,and\/ (A—B)= \/A2+32 \/A2+32 From

egs. 5.11 and 5.12, when k,, k;1, and Q are known, for a certain structure of our

system with given materials, we can get all the information required about the
SEPs.

5.3.2 Transition rate of the emitter resonant with the SEPs

As mentioned in section 5.2, we know it is hard to observe the SEPs in our sys-
tem. In order to verify this point, we look at the transition rate of the emitters
interacting with SEPs in the system mentioned. We calculated the transition
rate in Chapter 3 when the emitter is resonant with the surface modes; here we
use the result from eq. 3.49:

192150 - 0,)do. (5.13)

C= [ 210l ) Fus-+ Gl )

where d = (dy,d,) is the electric dipole moment operator of the emitter, i and f

are the initial and final states of the emitter.

From eq. 5.8 we find:

40 dSlIl(kxd)k; + O o [dcos(k o d) Kk + sin(kud)ky, 2sin(kxd)kx]

28 2 2 3

do sin(Qd)d ’

(5.14)
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where &, equals:

k/ _ l[ gb(w_wex_wLT)
. e\ (14&)o—(1+ €)W — EOLT
OE,WIT

2/ (€5 (0 — Oex — 07)][(1 4 &) 0 — (1 + &) Ve — gbwLTP].

(5.15)

Then from equations 5.11 to 5.15, one obtains the result for the transition rate
for specific emitters with certain initial and final states. The transition rate has
the form:

2w, ' do
U= —F|{ildel ) Evi+ (ldel ) - Erz| 7 Slo=0,: (5.16)

When the dipole is parallel to the surface, it becomes:

, 20213 e~ 2kaz f(A—B) dQ
O = [l P = o0, (517)
A% | [3+8 < Ox— O +(w_wex)2>]

While if the dipole is perpendicular to the surface, we find:

, 202k k2ekaz f(A+B)
Ly = |{ild:|f)I* Mfeg P | |Q 0, (5.18)
o5 [3 T ( t?xwex*w” + (w_Lg’EX)2>:|

f(A—B) and f(A+ B) are given by

/ A2 iky(x—n / 32 —iky(x—n
A2 iky(x—n [ 32 —iky(x—n
f(A +B> = ’ me kX( d) + me kx( d) |2. (520)

If we introduce the free space emission rate I, = |22 @] /373 e,, where

and

t12 = |(i|d|f)|, we respectively rearrange egs. 5.17 and 5.18 more concisely:

Ly 67'L'Cskz31€72kZlZ f(A—B)
L oo PP P ————. | |Q ledeQ 0, (5:21)
R [rr (St )]
and
Ly _ 6mckykze 217 f(A+B) | | | | (5.22)
Ly, Lyelow? |:3+8b<wexwwjac;)LT +(wc%£)w)2>] dw' ¢ 4o

with Ty = o [P0 /37hc’e, and T, = |wi2, @] /37hc e,
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Figure 5.4: Diagrams of relative transition rate (I'|/I’,, and I /T’ ) versus
relative frequency (w/,y). This figure corresponds to Fig 5.2 with the same
parameters @y, ®;r and dimension for GaAs. L, =1 um.

Now we are in a position to obtain the relative transition rates with any
fixed parameters. Two examples for I / FOH and I /T, against o/, are
given in Fig 5.4 and Fig 5.5, for the materials GaAs and ZnO respectively. For
both Fig 5.4 and Fig 5.5, we suppose that L, = 1 um and L, = 4 um for each
figure, respectively. We set w), ., = 10,y for each system, and the emitters are
at the position z = 0.1d, x = 0.5d.

We notice the following features from Fig 5.4 and Fig 5.5:
(I). In both cases, when the dipole of the emitter is perpendicular to the in-
terface, the transition rates are larger than when the dipole is parallel to the
surface.

(I). Compared with SPPs and SPhPs, the range of the transition rate is much
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Figure 5.5: Diagrams of relative transition rate (I' /T, and I' /T ) versus rela-
tive frequency (®/@.y). The results in this figure correspond to a ZnO-vacuum
interface, with the same exciton resonant frequency .y, transverse and longi-
tudinal splitting w;r and dimension as Fig 5.3. L, =4 um. (The curves in both
panels are not that smooth due to the range of L / F"H orI') /T, is smaller com-
pared to Fig 5.4, so that there are less points obtained by computer program.)
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narrower, which is due to SEPs narrow frequency band.

(IIT). Both of the transition rates are monotone increasing functions.

It is apparent that, for such a narrow band-width of w for SEPs, compared
with SPPs and SPhPs, it is more difficult to make the emitters resonant with

the surface modes.

5.4 Conclusion

In this chapter, we have investigated surface exciton polaritons interacting
with emitters just above an interface with embedded microrods. We studied
the features of the dispersion relations, and compared the relations obtained
for different conditions with different materials and dimensions of the sys-
tem. Further, the transition rates of an emitter interacting with the SEP were
discussed, and compared with the results of previous chapters. Finally, the
possible limits on manipulating quantum states by using SEPs to interact with

an emitter in our system were discussed.
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Chapter 6

Properties of surface modes within

a nanowire array

In the last 3 chapters, we have investigated the surface modes, including SPPs,
SPhPs, and SEPs, interacting with emitters in the vicinity of an interface sep-
arating vacuum and a dielectric medium. The investigations ranged from the
dispersion relation of the frequency against Bloch wave vector Q and wave
vector ky, to the quantization of the surface modes, and further to the transi-
tion rate when these modes interact with the emitters. In these chapters, we
used a system with a periodic array of nanorods at the interface, which could
be considered as a quasi-one-dimensional problem. However, in this chapter,
we study a new system in which nanowires are involved instead of nanorods.
At the interface between the vacuum and the dielectric medium, a periodic
nanowire-array is located with each wire parallel to the y-direction of Fig 6.1.
We will use surface plasmons as an example to explore the features of the sur-

face modes of the structure, including the dispersion relations.

In the first section, we will introduce the features of the system. Sec-
ondly, the dispersion relation of surface plasmon polaritons in the system will
be studied as well as the boundary conditions considered. Finally, we will

present the conclusion of our work on this unique nanowire array system.

6.1 The system’s properties

For the system shown in Fig 6.1, the media above and below the interface are
denoted by € and &, respectively. One can see that the interface is combed
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Dielectric substrate

____W i SR

Figure 6.1: Model of surface plasmons interacting with emitters within a
nanowire array. We choose the substrate as a dielectric medium, and the space
above is a vacuum. The nanowires have the width L,, with a thickness L,.
They are longitudinally extended along the y-direction, and parallel to each
other. The unit width is d, and the emitters are located in the vicinity of the
vacuum-dielectric interface.

with a periodic nanowire array. Often, a nanowire is a nanostructure with the
diameter of the order of a nanometer (10~ meters); or alternatively, nanowires
can be defined as structures that have a thickness or diameter constrained to
tens of nanometers. In this chapter, we consider the width of the nanowires
L, is sufficiently small that it can be ignored, and the length of the nanowires
is taken as infinity. In addition, the thickness L; of the nanowire, compared
to the width of the unit cell, is negligible. Because of the surface plasmons’
property [107], we depict the surface modes E as a linear combination of the
forward and backward waves along the x-direction (Eup, Ejown represent the

field in vacuum and dielectric, respectively):

Eup — o kaztikyy—iot [B’g”) oike(x—nd) |_ Eg") e—ikx(x—nd)L (6.1)
and
Edown _ pkaztikoy—iot [Zg”) oike(x=nd) |_ Zg") efikx(x—nd)]’ (6.2)

where
B(n) _ rap(n) sn(n) sp(n)
By = (B, B}, ,2B,

(
" = (eBY", 9BY) 2B
(
(

)
)
2Af),
)

(6.3)
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Using the Maxwell equation,

VXE, (6.4)

one can then obtain

o—kaztiky—iot

oot

x{£](iky B“” + B ko)™ ) (ik B + B ey et

— (ks 1x)k )esnd) 4 (ke By 4 B kel
[(lk B —iBVk,)e 1) (kYY) 4 iBY ky)e Ry (6.5)

—

H,p=

and

ekzzz-‘y-ikyy—iﬂ)l

Hd()wn = 3
1O oy

X {)e[(ikyA(lz) _Ag';)kzz)eikx(x—nd) + (l'kyAg? —Ag;)kzz)e_ik"(x_nd)]
_)A’[(ikxAngl) _Agz)kﬂ)eikx(xfnd) - (ikxAgz) _}_Ag’;)kﬁ)efikx(xfnd)]

+2{(ikeA]) —iA k) e (i AT AT ke ]y (6.6)

Here H, » and H,,,m indicate the magnetic field in the vacuum and dielectric,

respectively.

6.2 Dispersion relation

In common with the other systems considered in the thesis our model here has
two types of boundary condition. The first is related to the interface separating
the two different media € and &; the second is that between the two neigh-
bouring unit cells where there is a nanowire. So we treat these two conditions

separately.

6.2.1 Electromagnetic boundary condition

Because the tangential components of the electric field (as shown in Fig 6.2)
are continuous at the boundary [70], E 1z = E»; and Ej5 = Epp on the interface
(z=0).

This means:

(ng) iky(x— nd)_’_ng) —iky(x— nd)) ikyly _ (Agx) iky(x— ”d>+A§x) —iky(x— nd)) ikyzy’ (67)
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n=2

E_%\r’

/

Figure 6.2: Sketch of tangential components of the electric field at the interface
z=0. E; and E; represent the x-component and y-component of the electric
field.

and

( Bg';) piks(x—nd) | Bg';) efikx(xfnd)) oy — ( Ag’;) oiks(x—nd) | Ag;) efikx(xfnd)) kv (6.8)

By comparing both sides of egs. 6.7 and 6.8 for any value of x and y, we obtain:

B = Al
Bg';) _ Ag';)
B =y
BY) =AY (6.9)

Moreover, if we substitute the above results into egs. 6.5 and 6.6, we obtain
kyi = kyo.

As the reference [70] points out, for finite conductivity, the tangential
components of the magnetic intensity are continuous at all points across the
interface between the two media, thus we obtain Hi; = Hy; and Hyy = Hy;. For

Hl)? = Hz)e, we have

eikzlz . n n ik (x—n, . n n ik r—n
10 o Ly [(lkyB(IZ) +B§y)k21)e kx(x=nd) + (lkyBgz) +B§y)kzl>€ K ( d)]
ekzzz . n n iky(x—n . n n i
This produces:

hBic 4Bl ka kAl ALk (6.11)
Hr1 Hr2
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and
ikyBY) + Bk ik AY — Bk

Hr1 45%)

In addition, for Hiy = H,;, we obtain:

0. (6.12)

e kaz . i o | ) n -
l'w‘uou1[(l'kagZ)—i—ng)kZ])elkx(x "d)JF(_’kagz)ﬂLng)kzl)e ke (end)
ek12z . n n . . ' . . i
- iwﬂoﬂz[(lkxAgz)_Agx)kd)elkx(x nd)—(lkxAéZ)-i-Agx)kzz)e klr=nd)] = (6.13)

which produces

B + Bk ikAY — ATk 0, (6.14)
Hr1 Hra

and
il B + Bk ) kLAY + Ak

Hr1 j10%)

We may notice that, eqs. 6.7 and 6.8 have 12 unknown quantities, and we

0. (6.15)

have so far egs. 6.11, 6.12, 6.14 and 6.15, to determine these quantities, we
need 8 more equations to find the solutions. We then apply another Maxwell’s
equation, V- E =0, which will bring us V- Eup =0and V-E y,, = 0.

From eq. 6.1 by applying V- E,, = aaE;" + B;Eyly + aaEZ“ =0, we have:

ik,BY + ik,B\") — k1B =0, (6.16)
and
—ik,BY!) + ikyBS — k1 BSY = 0. (6.17)
Also, V-E = 9B 4 IEn + 9= _ (), Substituting it into eq. 6.2, we get:
r Vi Bdown = 79 T 79y T Ty, . & q. 6.2, we get.
il B + ik, B 4k ,a™ =0 (6.18)
X 1 x Y1y 722401, 5 .
and
—ik,BYY) + ik, BYY) + kAT = 0. (6.19)

Now let us look at the boundary condition across the nanowire. At this
point, the continuity of the tangential components of the electric and the mag-
netic field must be satisfied. Applying the boundary condition across the
nanowire shown as in Fig 6.3 (here we choose x = (n+ 1)d and z = 0 for sim-

plicity), we have: E1z = E|¢(,+1), which produces:
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Figure 6.3: Sketch showing the application of Faraday’s law at the interface of
two media. As Faraday’s law requires that the line integral of the electric field
along the brown loop (which is in xy plane) is zero implying that § E-dl =0
(because there is no magnetic field through z-direction at the point x = (n+1)d).
We suppose the loop is a rectangle of length 8/ along y-direction, and width &7
along x-direction.

BB~ B+ B 20

where f = ¢* and g = ¢/%. Similarly, because Eyg, = Ej5(,11), we have:

BI S+ By F=Bl)a + By (621)

Suppose now that a current flows through the nanowire which is as-
sumed to have an ideal conductivity [70], then a discontinuity (shown in Fig
6.4) in the magnetic field intensity components at the point x = (n+ 1)d must
be taken into account: Hiz, — Hagy = 0(®)Es,L;. Here o(®) = —i0€,an0(®) is
the conductivity of the nanowire’s material and €u4,,0(®) is the corresponding

dielectric function. Then one can obtain:
—fABY + FABY + fBB") + BB =0, (6.22)

where A = kky(Cy /k;1 +C2/ky) and Cj = 1/icwuopj (j = 1,2); while B=Cik; +
Cakzy — C1k3 [k — Caks Jhp — 1.
Moreover, Hig — Hyg(u41) =0, from which we get:

~M(f —g)B\Y +M(F — f)BY + (f — )NB\ + (F — g)NBY) =0, (6.23)

where M = kky/k;1 and N = k1 — ky /k;1.

In order to simplify the calculation, we now assume that B(IZ) = 1. Then
Bg? = (f—g)/(g—f) = . Thus from eq. 6.23 one can obtain f = g, which
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Z

/|

Figure 6.4: Schematic diagram which shows application of Ampere’s law at
the interface of two different media. As there exists a current through the
nanowire inside the brown rectangular loop (which is in xz plane), a discon-
tinuity appears between the Hig, and Ha,: § H-dl = 0E;,. The loop is 6/ long
in the x-direction, and 67 long in the z-direction.

implies
ky=Q+2mn/d, (6.24)

where m is the integer equal or greater than zero, namely, 0,1,2,3,.... Substi-
tuting f = g into eq. 6.22, we can obtain the relation of Bg';) and Bg;) in terms of

f,gand a.

6.2.2 Dispersion relation

As we pointed out in Chapter 2, at the interface of two different dielectric me-
dia, the following relation has to be satisfied [140]:

&1 &

—+—=0. 6.25

kzl kzZ ( )
It gives us 81k§2 = ezkgl ; also kfi = k)% + k§ —gw?/c?, (i=1,2). Because k, = Q +
2mmn/d, we can therefore obtain

£160%

2 2
(Q+2mm/d)? + 12 = CEred

(6.26)

Letgg=1land & =1— a)g / ®?, which is the dielectric function for metal, and
write K = (Q+2mm/d)* + kj. By substituting & and & the into eq. 6.26 with

k;1 and k, eliminated, we find

o* — (07 + 27K, 0° + 0 * Ky, = 0. (6.27)

84



Chapter 6 Properties of surface modes within a nanowire array

From this we obtain

2 y
w? — . . (6.28)

o) +2c*[(Q+2mm/d)* + k}] £ \/w]‘} +4c*(Q+2mm/d)? + k22

Now if we introduce a characteristic length d, = ¢/ ®,, we can rewrite eq. 6.28

as:
o 1+2((0+2mnd)> +R]+ W +4{(0+2mnd)? + R2J?
== 5 , (6.29)
p

where 0 = Qd,, d = d,/d and I~cy = kyd,. As for the range of o, it must satisfy eq.
6.26. Also the condition mentioned in Chapter 3, that 0 < ® < w,/ V2, needs to
be met. From eq. 6.28, one sees the SP frequency is determined by five param-
eters: Bloch wave vector Q, the unit cell width d, the positive integer m, wave
component ky, and the plasma frequency of the substrate w,. More details are
shown in the 3D figures Fig 6.5, Fig 6.6, Fig 6.7 and Fig 6.8 respectively. Taking
the variables of eq. 6.26 into account, the figures Fig 6.5, Fig 6.6, Fig 6.7 and
Fig 6.8 are plotted in 3D, which demonstrate the dispersion of w/w, against Q
as well as k, for different m. The influence of these factors can be summarized
as follows:

(a) There are two branches of the SP frequency, in the dispersion relation of @
against Q, ky or d once we have selected the material of the dielectric medium.
(b) For given d and m, as indicated in eq. 6.26, ®? is quadratic in Q or k.

(c) Fixing Q and k,, we find that ® has discrete values with respect to m.

(d) When m = 0, Q and k, play equivalent roles in the dispersion relation eq.
6.26.

(e) The dispersion curve w/w), versus 0 or I~<y is similar to the dispersion rela-
tion curve (Fig 3.3) when the interface is between vacuum and metal.

(f) In our system, Q takes the place of k,, especially when m = 0. The dispersion
curve, as we can see from Fig 6.5, exhibits the same feature as Fig 3.3.

(g) We find, with m increasing, 0 and ky are confined to areas as displayed in
Figs 6.5, 6.6, 6.7 and 6.8 for m = 0,1,2,3 respectively. Specifically, for Q, with
m increasing, its available range is getting smaller; it is also true for k, which
is reflected in eq. 6.26 as ky and Q have a quasi-equivalent role. Still from eq.
6.26, for certain , if m increases, Q and k, have to become smaller to satisfy
the equation.

(1)2— 2
40 and occurs when the value of

(h) The largest value for m is mmax = > sz—_aflz),

Q and ky are zero, which means the allowed area is then a point.

In order to grab a clear opinion of the dispersion relations, we here also

present the 2D plottings in terms of ®/®, versus Q and k,. We first explore
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m=0

Figure 6.5: 3D plotting showing allowed range for /), versus 0 and k, when
m =0 (m is the integer in eq. 6.28) . 0 =0d,, ky = kyd,, and the characteristic
length is d, = ¢/ w,

m=1

Figure 6.6: 3D plottings showing available range for @/, versus O and k,
when m = 1. Q, k, have the same meaning as in Fig 6.5.
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m=2

Figure 6.7: 3D plotting illustrating the relation @/, versus 0 and k, when
m = 2. Q, k, have the same meaning as in Fig 6.5.

m=3

Figure 6.8: 3D plotting exhibiting the relation ®/®, versus O and k, when
m = 3. Q, k, have the same meaning as in Fig 6.5.
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@ 0.69

Wp 0.68

0.67

0.66

0.65

Figure 6.9: Plottmg of w/w), versus k The curves from the bottom to the top,
represent 0 =0and Q=7 alternately We choose a parameter d = 0.4 which is
close to the range of visible light wavelength. The hatched area represents the
allowed regions. The right side zoomed-in inset shows the whole range of the
dispersion relation, in which the lowest branch represents m = 0; this branch is
the same as when the surface plasmon runs along the interface of the vacuum
and metal.

two plottings concerning @/, versus k,. The first one, shown as Fig 6.9,
which exhibits bands as anticipated. The properties shown in Fig 6.9 match
those from Fig 6.5 to Fig 6.8. For example, with m increasing, l~cy is confined to
higher values with respect to w/w,. However, from Fig 6.5 or such Fig 6.6, we
could hardly see the bands or band gaps, while on contrast, 2D plottings ad-
vantage to show the band gaps. In addition, when m increases, the bands and
the band gaps get narrower. As we can imagine, when m goes to infinite, the
up branches except the lowest branch will merge together to the limit, namely:
®/®, — 1/1/2, as described in Chap 2. The second one, labelled as Fig 6.10, can
be compared with Fig 6.9. We find that when d increases, the corresponding
branches of the dispersion curves also level up.

It is also worth to take a look on the relation @/®, versus Q for fixed k.
Fig 6.11 depicts when we force l~<y = 0, the relation between ®/®, and Q. It can
be seen that Fig 6.11 has the same trends as Fig 6.5, however, one point which
in Fig 6.5 can not be easily seen is that, when &, becomes larger and larger
(shown as in Fig 6.12), the lowest brance of the dispersion curves level up to
higher values, which implies larger k, occupy narrower bands (or narrower

band gaps).
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0.71
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0.66

0.69

0.68

d=1.4

10

Figure 6.10: Plotting of ®/w, versus k, with different parameter d = 1.4.

0.72

0.70

0.68

— 0.66

0.64

0.62
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]CJ-=0 d=0.4
m= 2
m=1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Q

Figure 6.11: Plotting of dispersion relation ®/®, versus Q with the param-
eters d = 0.4 and k, = 0. The curves from the bottom to the top, represent
m =0,1,2,... successively. The plotting contains the panel which shows the
whole range of the dispersion relation.
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=t

y=1d=01
0.72

0.70

0.68

— 0.66

0.64

0.62
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0.0 0.5 1.0 L5 2.0 2.5 3.0
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o.70pm=2 . ———

0.68 m=0
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0.0 0.5 1.0 1.5 2.0 2.5 3.0

[l

(b)

Figure 6.12: Schematic panels for comparison with Fig 6.11. Parameter k, is
choosen as 1 and 2 for panel (a) and panel (b) respectively.
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6.3 Conclusion

In this chapter, we have studied the SPPs properties in a new system in which
the nanowires are located parallel to the interface. We find that in such a sys-
tem, the dispersion relation is related to the Bloch wave vector Q, the wave
component ky, as well as the unit cell width d. The most special feature of these
SPPs is that the frequency w has discrete values in this structure. This feature,
to some degree, has been verified by the experiments done by Mischok, etc.
[116]. Compared with that experimental result, our theoretical results demon-
strate the surface modes’ property including the wave’s amplitude, phase ve-

locity, frequency, and the dispersion relation, etc.

However, should other elementary excitations be used, such as SPhPs or
SEPs, they could yield new results, including the dispersion relations in such

a system.
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Chapter 7
Summary and Conclusions

In our work, we have carried out extensive investigation into surface polari-
tons and their interactions with emitters in a one-dimensional periodic system
of nano-scale or micro-scale. We discovered that in each system, surface modes
exhibit band structures which are controllable by varying the parameters of the
system, such as the properties of the materials, the dimension of the structure
and the density of the rods. Due to the particular characteristics of each type
of surface mode, we have presented the related discussions separately.

For surface plasmon polaritons, because of their associated characteristic
length, we set up a system of nanoscale size. We found that in a periodic nanos-
tructure, the surface plasmon polaritons at the interface between the vacuum
and metal, has frequency bands which lie entirely to the right of the light line,
and are separated into several segments. At low frequency, their behaviour
is similar to photons. While at high frequency, by contrast, their behaviour
is similar to phonons. Further to this, surface plasmon polaritons have fre-
quency band gaps and their gap width is determined by the unit cell of the
periodic array of nanorods, the plasma frequency of the substrate, the plasma
frequency of the nanorods, as well as the height of the nanorods themselves.
We discovered that when the frequency is higher, the transition rate of the
emitter interacting with the surface plasmon polaritons is higher, which im-
plies that when the surface plasmon polaritons are like phonons, the coupling
is considerably stronger. This property implies that, the periodic nanorod ar-
ray could be useful for quantum state manipulation. In addition, when SPPs
behave like phonons, their lifetimes are longer, which implies these SPPs in-
teracting with emitters, the interaction time is longer. This should provide
a good opportunity to control the transitions of the excited states to ground
states and vice versa for the emitter. For lower frequencies, the correspond-

ing wavevector are smaller, corresponding to waves which are photon-like. In
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this range, compared to the high frequencies, the coupling is much weaker.
Our findings also indicated that we may be able to manipulate the quantum
states flexibly by switching on or off the stimulating field in the resonance fre-
quency range of the emitter; or by increasing the frequency to the edge of the
gap, where the coupling with the emitter ends. In addition, the transition rate
is also connected to the spontaneous transition frequency determined by the

type of emitter and to its excited state and ground state energy difference.

For surface phonon polaritons, we found difference from surface plas-
mon polaritons. Surface phonon polaritons on a one-dimensional array of pe-
riodic nanostructures exhibit frequency bands but hardly show any frequency
band gaps. The whole allowed frequency interval of surface phonon polariton
is located in a narrow region which is determined by the transverse and longi-
tudinal phonon frequencies, and by the high-frequency limit of the dielectric
function. Moreover, the width of the unit cell decides the starting point of dis-
persion of the frequency against Bloch’s wavevector. In extreme cases, when
the width of the unit cell is very large compared to the height of the nanorods
or when the height of the rods is zero, the model’s dispersion relation matches
very well the situation of an interface separating a vacuum and a dielectric

medium in the absence of an array of nanorods.

A key point is that for surface phonon polaritons, the characteristic length
is in the micrometer range, therefore, we also investigated the properties of
surface phonon polaritons in a micro-scale system. At this length scale the fre-
quency band structure does show band gaps. We highlighted the findings as
follows: when the height of the rods is smaller, the frequency band gaps are
narrower and vice versa. By adjusting the height of the rods, we are able to
optimise the conditions for the interaction between surface phonon polaritons
and emitters. In contrast to the dispersion relation obtained in a nano-scale
system, the dispersion curves are divided into several sections in a micro-scale
system. With the increment of the frequency, the gaps in frequency become
narrower. However, the whole range of the frequency of surface phonon po-
laritons remains the same. As such, with the increment of the frequency, the
gradient of the dispersion curve became smaller, even close to zero, indicating
that surface phonon polaritons move more slowly at higher frequencies.

As for the interaction of the emitter with surface phonon polaritons, we
discovered that with a bigger surface phonon polariton decay factor k;, the
transition rate is higher, and vice versa. We found that the transition rate is
proportional to the horizontal wavevector component k,, which indicates that
when the dipoles of the emitters are perpendicular to the interface, the larger
the k,, the higher the transition rate. In addition, the transition rate decays with
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the distance of the emitter from the vacuum-semiconductor interface, and is in-
versely proportional to the lateral width of the system. We also found that for
the same resonant frequency of the emitter and the surface phonon polariton,
in a nano-scale system, the coupling is much stronger than in a micro-scale sys-
tem under the same condition. Therefore, for a micro-scale system, the lifetime
of the emitters can be enhanced by holding the release of excitation energy. Be-
sides, when the surface phonon polariton frequency lies in the range of the
excitation frequency of the emitters, the de-excitation is enhanced.

We next turned to study surface exciton polariton. By considering us-
ing typical semiconductors in the structure, we found that the frequency range
of surface exciton polaritons depends on the background dielectric constant,
exciton resonant frequency and the transverse-longitudinal exciton splitting.
However, compared to the surface plasmon polaritons and surface phonon po-
laritons, the bandwidth of surface exciton polaritons is much narrower. Thus
in practice, for surface exciton polaritons coupling with emitters, the type of
the emitters must have a transition frequency within a very narrow range and
very close to the frequencies of the surface exciton polaritons. Therefore it re-
stricts the flexibility in using surface exciton polaritons to manipulate emitters’

transitions.

Nevertheless, we discussed the dispersion relations of the surface mode
frequency against Bloch’s wavevector, and the surface mode frequency against
the horizontal wavevector component. For both dispersion curves, with fre-
quency increasing, the gradient of both curves gets smaller, which means at
higher frequency, the surface exciton polariton moves slower. This phenomenon
is common to surface plasmon polaritons and surface phonon polaritons. How-
ever, the dispersion relation for surface exciton polaritons did not show band
folding, even for a system with dimensions close to the characterstic length as-
sociated with surface exciton polaritons. This is due to the allowed frequency
band-width is relatively narrow and hence it is difficult to form the folding for
the dispersion relation as the corresponding Q vector never reaches the zone
boundary.

As for the transition rates of the emitters interacting with surface exciton
polaritons, we discovered that when the dipole of the emitter is perpendicular
to the interface the transition rate is larger than when the dipole is parallel to
surface. Compared with SPPs and SPhPs, the range of values of transition rate
is much narrower, which is the result of the narrow frequency band of SEPs.
The transition rates can generally be assumed to be a monotonic increasing
function of frequency. From all these findings we realized that surface exci-
ton polaritons, which have such a narrow band-width compared with surface
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plasmon polaritons and surface phonon polaritons, it would be more difficult

to make the emitters resonant with surface modes.

In the Chapter 6, we analysed surface plasmon polaritons in a 2D pe-
riodic system in which parallel nanowires are positioned at the interface be-
tween the vacuum and the metal. We explored the dispersion relations and
found a special feature of these SPPs, namely, that the allowed frequencies @
are discrete. Moreover, we discovered that the dispersion relation of @ against
Q and k, with fixed unit cell width d, is limited by the positive integer m, by
which means when m approaches to its maximum, the existence of Q and k,
turns smaller, till it becomes zero when m = m,,,,. All these characteristics

were reflected by the plottings presented.

Over the course of this work, we have carried out a detailed investiga-
tion into various surface modes and their interaction with emitters close to
interface with the periodic structure. We found that all these surface modes,
exhibit frequency bands. For the surface plasmon polariton, we can find wide
band-gaps for appropriate dimensions of the structure together with suitably
selected materials. While for surface phonon polaritons, the frequency bands
are narrower compared with surface plasmon polaritons. When the periodic
structure is on the scale of SPhP’s characteristic length, the dispersion curves
with band-gaps also exist. However, by comparison with surface plasmon
polaritons and surface phonon polaritons, the frequency range of surface exci-
ton polaritons is much more narrower, thus hardly can we find the frequency
band-gaps. Also, the possibility of the emitters interacting with surface exciton
polaritons, is more restricted than for surface plasmon polaritons and surface
phonon polaritons. The transition rates, for either surface plasmon polaritons,
surface phonon polaritons or surface exciton polaritons interacting with the
emitter, are generally monotonic increasing functions of the frequency. How-
ever for surface plasmon polaritons and surface phonon polaritons, the rates
are piecewise functions of frequency due to the band-gaps. In addition, as the
frequency range may vary, we pointed out that a wider frequency range pro-
vides more flexibility to control the manipulation of the interaction of surface
modes with the emitters.

Our work has focused on surface modes interacting with the emitters
located in the unit cells of a periodic structure, which may lead to a way of
implementing scalable quantum information processing. For future work it
would be worth studying the entanglement between the emitters located in
different unit cells on the same side of the interface or even on opposite sides
of the interface, which could lead to potential quantum information processing
schemes.
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Al

The original dispersion relation for surface plasmons in the periodic structure
is:
2 ky

) o, ol
cos Qd — coskyd = — sink,d—Lrame——

Al
202%¢; (A1)

As for the dielectric functions, they satisfy the dispersion relation:

0 €186
ky =—4/ . A2
e & +& ( )

Wheree; =1, and & =1— a)lgg2 / ®?. After some rearrangement we obtain:

~—

2
Q2—1 - ) Q2—1 - Q2 -1 O,
COSQd:COS Q md —Sin Q\/md \/292—151/(29(])2 2 81d0

pmmo
(A.3)
Then the differential of left side is
(cos(Qd))" = —dsin(Qd); (A.4)

for the right side, in order to make it clear, we will separate it into 3 steps. First,

we calculate the derivative of k, = Q %,
!/
~ Q21 Q21
Ay Y ¢ - A.
ky 2(22—1+ 202 1 (A-5)
hile (/21 equal
\ 1e( 29271> equals
! =1
Q—-1) [Q-1\? 20 20 (A6)
2021 T \202-1) (Q2—12 2—1pr@i—1)i2 T
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Thus we obtain k.:

. Q21 202
r_
ke = 202 1 + (2Q2_1)3/2(_QZ_1)1/2 (A7)
So the first term of the right side of eq. (1) becomes:
(cos (@] L)) = (cos(fud)) = ~dsin(k)E, (A9
T = (cos(kyd)) = —dsin : .

As for the second term of the right side of eq. (1), we write it in a neater way:

—sin(kyd)ke/ (2TQ?), (A.9)
eldowge e )
where T' = <——2, so the derivation of —sin(k.d)k,/(2TQ?) becomes:
Pnano
- TN 2N/ 1 / ]}x
(—sin(kyd )ky /2T Q%) =57 — [dcos(k, d)kxQz
sin(k,d) - sin(k.d )k
- Q;‘ K. — (2#))1. (A.10)
Equating both sides, we have:
e By
[—dsin(Qd)]dQ = (—dsin(k.d)k. — ﬁ[dcos(kxd)kxE (A.11)
sin(k,d) - sin(k.d )k
$ 5D M0,
thus we obtain:
dQ - . - ==, dcos(kd)kQK, + sin(k.d)Qk} — 2sin(k.d )k,
ol [dsin(k.d)k. + TR %]/dsin(Qd).
(A.12)
Because jg = di%z = W, Zg, we finally get:
dQ - . - = dcos(l~cx Dk QK.+ sin(kd) QK. — 2 sin(ked )k,
o [dsin(k.d )k, = ST = ~]/d sin(Qd) @,
(A.13)
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A.z
The dispersion relation for the surface phonon polaritons in the periodic struc-
ture is:
1 wI%nano 6£kx
cos Qd — coskyd = — sm(kxd)ngl. (A.14)
Rearranging the equation, we get
d = cos(hud) — sinlnd) 2O A5
cos Qd = cos(kyd) — sin(k, )ngl (A.15)
The derivative on the left side first gives:
cos’ Qd = —sin(Qd)d,; (A.16)
the right side has two terms: the first term gives:
cos’ (kyd) = —d sin(kyd)k., (A.17)
the second term will be
w: S8tk @ 8¢
(—sin(kxd)% = —’;T (sin(ked )k / %)
COI% o¢ 'k ) : 3
= —% [d cos (kd)K,ky ) @% + sin(kyd K, | @ — 2sin(ked ) ky / @°]
1
w81 , . , .
= —# [dokycos(ked)k), + o sin(ked )k, — 2 sin(kyd )ky] . (A.18)
1

Putting together the right side and the left side:

(—sin(Qd)d)dQ =
2

w; &4
(—d sin(kyd)k, — % [d wk, cos(k.d)k. + @ sin(k,d )k, — 2 sin(kyd )k,])d®.

Thus we obtain:

g dsin(kyd )k + 52“'2’)3 [da)k cos(kyd )k, 4+ o sin(kyd) k). — 2 sin(kyd ) ky]| A1
do sin(Qd)d (A-19)
(A.20)
Finally, as
2 _ 2
k=2 (07 —yp) (A.21)
¢\ (14 €0)0? — £.07 — 07
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we obtain:
ool € (@02 — F)
e\ (14 ) 0 — £ ®f — 07
/
® € (02 — 0F)
T 2 _ 2 _ )2
c (14 &0) 02 — €0 — 07
1 € (0?2 — @)
o\ (14 £0) 0% — €00 — @2
1 0’ &0} — 0F) (A22)
¢ \/eoo(aﬂ — ) [(1 + €) 02 — €0} — 7]
A3

For sake of simplicity, we suppose the dielectric functions to be & =1, and

&(w,k) =g, [1 + wex?gfiy}' Here ¢, is the background dielectric constant when
there is no exciton in the semiconductor, ., is the exciton resonant frequency,
7Y is the non-radiative decay rate of the exciton, and w;r is the transverse-
longitudinal splitting. To simplify the calculation, we ignore the decay rate

v, thus & = g, *—2=>%L then k, can be rewritten as below:
ex

Q] gb(w — Wex — (DLT)
k, = — . A.23
x c\/(1+eb)a)—(1+8b)wex—sbwg ( )

From the dispersion relation (eq. 5.14), we have:

, w; 8k
cos Qd — cosk,d = —sink,d —"——.

A24
202%g; ( )

The differential on the left side is (cos Od)’ = —d x sin(Qd)dQ; on the right side,

it becomes:

8lw?  dcos(ked)kky  sin(ked)k  2sin(ked)k
o I Pnano X XX X . X X d
< sin(kyd)dk, 2, [ ps + s pe | |do
(A.25)

By setting the two sides of the derivative of eq. 5.14 equal to each other, we
find j—g:

. 8Ly o rdcos(ked)Kiky | sin(ked)K,  2sin(kd)ks
dQ d sin(kyd )k + 2, [ (wg) + (wz) - 2,3 ) ]

do sin(Qd)d ’

(A.26)
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where &, equals:

k/ o 1 8b((1) — Wex — a)LT)
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In general, the total energy for electromagnetic field in a system with volume

Vis
=3 / { %”HZ av, (B.1)

where € = g¢,, and u = you,, thus we can deal with at least three different

conditions:

1. in vacuum, for which €, = 1, u, = 1, thus € = g¢, = &, U = Uolty = Ho,
then we know the total energy is

1 - —
W= / [0 + po? | av. (B.2)

2. in nonmagnetic dielectric, for which € = &(w), u, = 1, then the total

electromagnetic field energy is
W—l/ dED) po o i2] av (B.3)
2 do Ho ' '

3. in magnetic medium, for which pu = u(w), € = constant, we have

=3 / { eE* + Hzl av. (B.4)

These results can be referred for calculating the Hamiltonian for the quan-
tized electromagnetic field as well.

B.0.1 Hamiltonian in vacuum

Quantization theory indicates that, in vacuum, the electric and magnetic fields

contribute the same to the total Hamiltonian:

A

1 N 1 N
Sig =5 [ eolEPar =95 = 5 [ wolPa (B5)
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Then, to calculate the total Hamiltonian, we need only the magnetic field ex-
pression (or the electric field expression). As we can see the form containing
the magnetic field (eq. 3.12) is more concise than the electric field (eq. 3.8 or eq.
3.14), so to calculate the total Hamiltonian, choosing the magnetic component

is an easier option. We write the magnetic component as follows:

—

A= / (f(k.P)ag + H.C)dO, (B.6)

where f (%,?)aQ = Hl(;f)dQ, dp is the annihilation operator, and H.C stands for
Hermitian conjugate of f(k,7)dp. The annihilation and creation operator sat-
isfy the commutator relationship: [dQ,cfQ,] = 6(0Q — Q). While the magnetic
field is:

Hl(’yf) _ wsolil Ez kyz-ion [a(® gikslx—nd) _ p(n) p=ik(x—nd)] (B.7)
thus
fk,F)ag = — ngl Eygekazmion g gikiend) _ py(n) p=iki(e=nd)yg (B.8)
and
WE,€

f* (7(” ?)aATQ _ ETZe_kZIZ—Hwt (a*(n)e—ikx(x—nd) N b*(n)eikx(x—nd))a/\TQ. (B.9)

ky
Thus ﬂ:CH can be written as:

_1/ G247

- 2 Uo r

12 platl)d Ly/2 o L o o o
:EZ/ dX/ dy/O dZ/dQ(HlaQ—}—H a'Q)/dQ(HlaQ/+Ha /)

-y / T / y//2 dy / dzr / o[- wg"glE cekaaz01 (g piks(x=nd)
Ly,/2

n
( ) —iky (x— nd)>aQ WEHE] Eikze—kzlz+ta)t (a*(n)e—lkx(x—nd) B b*(n)eikx(x—nd))dTQ]

kx
/dQ 0)8081 - ;]z—ia)z(a(n)eik;(x—nd) _ b(n)e—ik)’c(x—nd))dQ,
OEE] i i (e N x—n
_ IE klz+ 1 (1) gikix—nd) _ px(n) piki(x—nd)y 5 *Q,] (B.10)

K,

We suppose that the number of the unit cell is large enough, so that n can be
treated as infinity. Thus we can apply Bloch’s theorem, a) = a(9)¢/0", p(n) =
b0)ei0md Eq. B.10 tells us the integration is over the space (dxdydz), and also
over the reciprocal lattice vector dQ. To make it more clearer, we denote eq.
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B.10 as follows:

R 12 (n+1)d Ly,/2 oo
Hu = —Z/ dx/ dy/ dz
0

~L,/2
/dQ @)ag+ (@ —@)a})
x / dQ'[(® - ®)dg + (@ — ®)al),

where the circled numbers represent:

_ WE,HE] Eve 121t 5 (n) yike(x—nd)

ky
_ (02081 Eie™ le—iwlb(n)e—ikx(x—nd)
_ (Oijgl Eikzeszlz+iwta*(n)efikx(xfnd)
_ (Oijgl Eikze—kzlz+ia)tb*(n)eikx(x—nd)
_ %;81 Ey e Fazion g(n) giki(x—nd)
_ a)ijl,cgl EL K.z iot p)(n) —ikl.(x—nd)
_ (1)2;81 Eikze—k’ jaHior x(n) , —ikl.(x—nd)
_ O)i:/)csl Eikzefk 1ot px(n) , ikl.(x—nd)

Thus we know the half Hamiltonian 5z has 16 integral items in terms of
these circled numbers. Here we first calculate the product terms containing dgp

and &TQ, for example:

(n+1)d Ly/2 .
j'CH1®7 = &Z/ dx/L) /zdy/ dz{ (1)8081 e*kle*la)t
y

><a(n)eikx(x—nd &QdQ)(— wi?&‘l Eie —k’1Z+la)ta*( )eikx(x—nd)dz'zldQl)}
X
[.LoLy(L) 82812E2 k, +k iky(x—nd) »

></a()zk(x ndATdex

2.2 2 0 n
_ Holy w?e2e2E} (al) // / (D 0 O () (— nd)]deaQ/deQ

2kk(z1-|-k )
al©)

uoLw8£2E2 0 (n+1)d ekx ©)
2k Z1+1<)
d

(@0 )nd—i(ky—k;)

)'dx

i(ke — kL)
deQ
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_ MoLyw’elefET (a')) // £i(0—0Q')nd 1o At
= dQd /
2kkl (K 21+ ) Z (ke — k) 0dQ dody
 HoLy el el ET (a) // (0-0'nd (k)4 S (Kx —K)%) s AT
"de"\™ dQd
2k k/ Zl+k/ ) Ze : (k _k/) Q Q
(B.11)
We then note that,
Ze (Q-Q')nd _ (i(Q=0Q')d (] _ oi(@-Q')ndy /(] _ (i(Q—Q)d)
Si(0-0)(n+1)aj25n[(Q — Q)nd /2] (B.12)
sin[(Q—Q')d/2]’
. . sin nd /2]
with lim,,—. % = 2”5(Q Q).
Using these properties we obtain:
; HoLy e, £ Ef: (a (00 (n+1)d/2
Huie7 = ek zl+k/ //
e ke —K.)d/2)
dei (ke kx)d/2sm(( x T Ky d0d0'a AT
rae (ke—kD)dj2 994240
oLy’ e2efEL (al ) -
- / Sk dga}dQ. (B.13)
We can repeat this process for the rest of the terms, and find:
G [ THLy® 2e2e2E2 (b(9))? ' B4
H2®8—/ Wk, dodndQ, (B.14)
and 2025252 (,(0))2
N TloLy e, e ET (a') ita
= B.1
Huzes / 2k, dpaopdQ, (B.15)
and 2025252 (p(0))2
N Tu,Lyw e erEr (b
Fhrams = / HoLy @& ETET (D) iapdQ. (B.16)
Zk)%kzl

The rest of the integral terms either have the term of 6(Q+ Q') (thus the integral

is zero), or cancel each other. Thus finally we can obtain the total Hamiltonian:

Tu,L,e2e?w?|E},|? 2 2
Foacuum = / Holy 1k2 @ |Eyd (@ + 5% (agal, + ahag)dQ. (B.17)
Z

The above result is applicable to SPP, SPhP and SEP at the interface of vacuum
and media when calculating the total Hamiltonian in vacuum part.
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B.0.2 Hamiltonian in different media
B.0.2.1 SPP

The Hamiltonian in free space is

A

B
Hoseum = / (0B + poA2d?, (B.18)

since the electric field and the magnetic field carry equal amounts of energy in

vacuum, thus the Hamiltonian can also be expressed as:
~ 1 = 1o 1 2 1=
}Cvacuum =2X E/SOE dr =2 x E/IJOH dr, (Bl9)

However, in the media, the Hamiltonian is

. _ 1 rld(ew) =y  d(po) -]
Foedia = / l SO SER R g, (B.20)

where € = g¢,(0,k), u = pou,(@,k). While for surface plasmons in metal

2
. [0
medium, we suppose i = lo, and & =1 — 5. As

2
d(ew) _ (1 + %) & (B.21)

do

then the Hamiltonian becomes:
2 1 oy =01
Honetal = E /[80(1 + E>E + uoH ]di‘ (BZZ)

We first calculate the magnetic part of the Hamiltonian. While the magnetic
field is:

HZ(;}) _ wgokerE2z oraz—iot [a(n)eikx(x—nd) _ b(”)e_ikx(x_”d)], (B.23)
X

thus

fk,F)ag = — (Diog, Ey k27i0t (q(n) pikix=nd) _ p(n) p=iki(x—nd)yq (B.24)
X
and
. T OEEr .\ kot —iky(x—nd iky(x—nd)\ A

P = B s ) (02

We denote the magnetic part of the Hamiltonian as H(, then it can be

105



Appendix B

written as:

= l/uoﬁzcﬁ

o (n+1)d

L2 L
5 / dy/ dz/dQ Hap+H'a Q)/dQ’(HlaQ,+H*&TQ,)
— 00 x

n
_ ) pmikex— nd)) dg COgo?«r E;Zekzzmwz(

a*(n)efikx(xfnd) b*( ) ko (x— nd))aT]

ky ’
/dQ [ 60808r 2z7iwt (a(n)eik;(xfnd) _ b(n)e*ik;(xfnd))a"Q,
B a)eoé‘rE;Zekgzzﬂwz(a*(n)e—ik;(x—nd) _ pr(n) gk (x— nd))ng ]. (B.26)

ky

Eq. B.26 is denoted as follows:

R o r(n+1)d /2

J{Hzlx/ dx/y dy/ dz

[ 401@ - @)io + (@ - @)

< [ dQ1(® - ©)ig +(@~®)dp).
where the circled numbers represent:

@ _ WEHE, 2zekzzzfiwta(n)eikx(xfnd)

X

Q= COSOSr Epe kzzz—ia)tb(n)e—ikx(x—nd)

ky
@ . 6()808rE*Zekzzz—i-ia)ta*(n)e—ikx(x—nd)

X

@ _ wgogrE* ekzzZJriwtb*(”)eikx(x*nd)
k. 2z

@ _ a)eoer 2Zek222_iwta(n)eik)/‘(x_nd)

o ‘*’so&Ezzek;zz—fwrwwe—fk%x—"d)

k/
@ . C()Sogr * kézz—i—ia)ta*(n)e—ik;(x—nd)

X

WEEr +iot px(n) ikl (x—nd

® = L5053 Hasion ) e
X

We repeat the same way of calculating the Hamiltonian as previously,
and find the magnetic part of the total Hamiltonian:

. TU L 220 |Ex|? , (o2 5
Hy = / Ho yzok ;kz | 2Z| (a(o) +b(0) )(aAQaATQ‘f_aAgaAQ)dQ (827)
ZaMx
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Similarly, we can expand the electric field and calculate the integral of the
electric part of the Hamiltonian, we finally can obtain the result as follows:

A b LS 20?2 |Ey, |2 2
He = / (1+ 2) Ho - o7\ (@9 450 )(Goaly,+ahag)dQ.  (B.28)
® 2kZ2k

So the total Hamiltonian is Ferar = Fur + H:

2 202,22 2
A Wy wU,L,e 707 | Ey, 2 20, . A
Honeral = / 2+-5) 2 2"k ;kz Ex| (@ + b9 (aga}, + afag)dQ. (B.29)
Za"Vx
Because € E|, = €.E>,, and
81 £r
—+— =0, B.30
kzl kzZ ( )
thus if{meml becomes:
2 203,22 2
N w; wU,LyeSE] 0 |Ey 2 20, . At
:}Cmetal:_/(z‘f'w_g) 2 y280k11k2| Z| (a(o) +b(0) )(aQaTQ a )dQ, (B 31)
rvzl ™y

further we can obtain:

f tal — / (2602‘?—(1)1%)81 7'C‘uOLy838120ﬂ|E1Z|2
meta

2 20, R
(02 — 0?) 4k, 1 k2 (' + 617 (agay +apag)dQ.
P Z1™x

(B.32)
From eq. B.17 and eq. B.32 we see a relation between Fonerar and Foaerum

. 20+ wl)e .
metal — 4_2—172 vacuum (B33)
(wp - )
We know the total Hamiltonian for the system is
N 1 o -
Hiroral = Ehw(aQaTQ +a}ig)dQ (B.34)

while H;prar = Hoacuuwm + Homerar, thus we have:

. 20% + w3)e T L’se ®?|Eq,|?
%mmlz<1+( ”)1)/ ol ¢ | Z'( 0% 4507 (agaly + ahag)dQ.

4((1)]% — ?) ko1 k2
(B.35)
Then the amplitude of E;; becomes known:
N SC R Ty =2 40k — 0?)
Er:|* (a9 +5107) = (B.36)

2L g, 4(0f — 0?) + (202 + 0} )&

We can then determine the surface modes’ vertical and in-plane components
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using the relation of ) and »") (see Chapter 3):

2 hkakicr A? 4(0? — w?
ELa0 = PAuC T (21’ 2) =, (B.37)
2L wepef A7+ B2 4(0f — 0%) + (20° + 05) €
and - ) ) )
2 hkak B 4(w;—
E2p0)7 = ZEIC (@, — o) (B.38)

2L weel A2+ B2 4(0) — 0?) + 20 + 0d)e)

where we have defined A = 1 — ¢!Q4+tkd and B = 1 — ¢/Qd—kd  ;(0) and H(©) can
be related as a?) /b(®) = A/B.

B.0.2.2 SPhP

In the same way, for surface phonon polaritons, we suppose i = o, as & =

o> —w} .
€-——=5, then we obtain
w (DT

2

2 2 20m2 _ 2
d(ew)zgogw 0 —w; 20°(or — o)) ’ (B.39)
0* — 07 (0? — wf)?

dw B 2
then accordingly,

2 _ 2 2002 — 2
—w; 20°(0; —of

. 1 ® N = =91 1o
Hsemicona = 5 /[80800 ((02 _ 6072« - (wz — CO%)Z ) E? +H()H2]dr. (B.40)

We can follow the same steps by calculating the magnetic and electric part of

the total F,umicond, and can obtain:

202 2 2
- U, LyESE O |En 2 20, . . o
Fsomi = | "Ly;@;k%’ (002 4 5% agal, 4 ahag)a0.  (BAY)

While apply the relation between the field amplitudes (see Chap 2) the electric
part of the total Hamiltonian is

T w* — wf 2(02((0% — (Dz) nu()Lygggrzw2|Elz|2
Hsemie = /80800 B 2 2 2\2 2
w* — 0F (0* — wF) 2k k2
2 2
x (a7 + b0 (agal, + ahag)dQ. (B.42)

Thus the total Hamiltonian H,;0 = Fsemicond + Fvacuum for the system is:

fr . 0’ —of 20°(0f —of)
total — +€w 2 wz (0)2 (1)2)2
—or — o

1020202 (7 |2
TU,LyE;Ef O |E|
Zkzlk)%

(a0 +5O7) (agal, +dhap)dQ.  (B.43)
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then we can get the result for the electric field:

2 2 hkokic? 1
Ep (a7 4 p07) = IS . (B4
2L &, €] [3+£ (w -0} 20 ((oT—a)L)ﬂ
<\ 0’—0? (02— 2)?
We can then determine the surface modes” each component:
2 (2 hkpkict  A? 1
ELa0” = L TR P e (B.45)
2Lya)8081 + [3—}-8 ( L T ﬂ
“\ 02—k (02—w?)?
and
2 hkakic*  B? 1
ELp07 = —22 . B.46
Iz 2L, we,ef A+ B2 [3+£ (wz—a%_zwz(w%—w%)ﬂ (B.46)
~\o=ef = (o-a2r
B.0.2.3 SEP

. . o _ Wex—O+OLT
For surface exciton polaritons, suppose it = iy, we have &, = g, s thus

d(ew) et (wex— o+ oLy N ;70 ) (B.47)
e.

dow Wexy — @ (w_wex)z

then we know the

N 1 Wey — O+ OLT OO — o
P p— E H<|d B.48
semicond 5 /[80817 ( O — © + ((D — wex)z) + Uo ] r ( )

Repeat the quantization process as in section one, we obtain

A W — O+ (DLT T O
j_Csemicona' = / |:1 + €0&p ( exw "o (1) o ) >:|
ex ex

020202 2
TUoLyEs € @ |E1;]
2kz1k)%

(@ +5©%)(apa Al +a}dg)dQ. (BA9)

therefore, the total Hamiltonian for the system is:

A Wex — O+ OLT OLT O
H = 31 ¢
total |: + & < O — @ + (w_wex)z)}
“oL;ggglzw2|E1z|2 02, (024 Af | AF A
. / 2k K2 (@™ + b7 (agay, +dpag)dQ. (B.50)

Then it is known to us that the electric field has the exact value:

2 2 hkak3c? 1
B2 (@ +507) = 2L/Z(lug e Oex— O+ 0T O ’ (B:51)
g o [3 +8b < exwexia)LT T (w_L(TDex)z)]
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We can then determine the surface modes’ vertical and in-plane components

using the relation of ™ and »("). We find:

hkak2c> A2 !
Evlzza(o)2 = 111 2 2 A2 2 7 (B52)
2L, we,ef A*+ B [3 +& <we"a;f_+a?” + (waiL;ZV)]
and
hkakic® B !
Elzzb(o)2 = /Z] £ 2 A2 2 . (B53)
2L we,e? A>+ B [3 +& (“’(; INL (wafﬁ,z)zﬂ
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