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Abstract

Surface plasmons, which are coupled electron-photon modes con�ned along the in-
terface between a conductor and a dielectric, o�er the unique possibility of guiding
and manipulating electromagnetic waves on the nanoscale. In this thesis, the use
of plasmonic photonic crystal �ber as a new class of hybrid plasmonic waveguide is
presented. The holey structure in the photonic crystal �ber is exploited to integrate
metallic nanowires into the cladding of the �ber. Novel �lling techniques were used
to embed high-quality gold wires with diameters down to 100 nm in the cladding of
silica-based photonic crystal �bers. Light launched into the dielectric core mode of
gold-�lled sample was demonstrated to couple to the surface plasmons on the gold
nanowire, and were probed by near-�eld, scattering and transmission techniques. The
coupling conditions were explored by selectively �lling nanowires with di�erent diam-
eters into di�erent cladding holes of the photonic crystal �ber. The results showed
that plasmonic resonances in the visible to infrared frequency range could be excited
on the nanowires of varying diameters, with up to 50 dB di�erence between on- and
o�-resonance. Coupled mode analysis was performed to numerically model the be-
havior of the coupling mechanism, and con�rmed the existence of two eigenmodes
at resonance: a plasmon-like mode with very high attenuation and a dielectric-like
mode with low attenuation. Additionally, the hybridization of propagating plasmon
modes was investigated by integrating a pair of gold nanowires in the cladding of the
�ber. The results revealed the excitation of a bonding and an anti-bonding modes
at speci�c wavelengths, leading to the formation of "plasmonic molecules". Finally,
the ultrafast nonlinear properties of the gold-�ll photonic crystal �bers were studied
and nonlinear shift of transmission dip was observed.
The study enabling the realization of novel in-�ber plasmonic devices and providing

insight into the fundamental properties of the propagating plasmon, for instance,
plasmon hybridization, nonlinear plasmonics, and near-�eld optics.
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Zusammenfassung

Ober�ächenplasmonen sind elektromagnetische Moden, die entlang der Grenz�äche
eines Leiters und eines Dielektrikums durch Elektron-Photon-Kopplung gebunden
sind. Sie bieten die einzigartige Möglichkeit Licht im Nanometerbereich zu leiten und
zu steuern. In dieser Dissertation werden Möglichkeiten gezeigt, photonische Kristall-
fasern als eine neue Art von hybriden plasmonischen Wellenleitern zu verwenden. In
die Lochstruktur des Mantels der Faser wurden dazu metallische Nano-drähte inte-
griert. Durch die Entwicklung neuartiger Fülltechniken gelang es, qualitativ hochw-
ertige Golddrähte mit einem Durchmesser von bis zu 100 nm dünn herzustellen.
Die dielektrische Kernmode der goldgefüllten Probe koppelte zu Ober�ächenplas-
monen auf dem Goldnanodraht, welche wiederum durch Nahfeld-, Streulicht-, und
Transmissionstechniken vermessen wurden. Durch selektives Füllen von Nanodrähten
unterschiedlicher Durchmesser wurden die Kopplungseigenschaften untersucht. Auf
den Drähten konnten plasmonische Resonanzen im Sichtbaren und Nahinfraroten
angeregt werden - mit bis zu 50 dB Unterschied in der Transmission der Kernmode
auf und neben der Resonanz. Die interplasmonische Kopplung wurde durch gekop-
pelte Modentheorie numerisch modelliert und bestätigte die Existenz zweier Eigen-
moden auf der Resonanz: eine "plasmon-like" Mode mit sehr hoher Dämpfung und
eine "dielectric-like" mit niedriger Dämpfung. Durch das Füllen von zwei Nano-
drähten wurde die Hybridisierung von propagierenden plasmonischen Moden unter-
sucht. Bei spezi�schen Wellenlängen wurden eine bindende und eine antibindende
Mode angeregt, was zur Bildung von "plasmonischen Molekülen" führte. Schluss-
endlich wurden die nichtlinearen Eigenschaften der goldgefüllten Faser untersucht
und dabei ein nichtlineares Verschieben in der Resonanz festgestellt. Diese Arbeit
ermöglicht die Realisierung neuartiger plasmonischer Komponenten, welche in eine
optische Faser integriert werden können. Auÿerdem liefert sie Erkenntnisse über
fundamentale Eigenschaften von propagierenden Plasmonen, z.B. plasmonische Hy-
bridisierung, nichtlineare Plasmonik und Nahfeldoptik.
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Chapter 1
Introduction

1.1 Light-matter interactions

The study of light-matter interactions plays an important role in understanding our
universe and has a long history. When the electromagnetic wave interacts with atoms
or molecules, several optical e�ects may evolve, such as absorption, emission, scat-
tering, refraction, �uorescence, etc. Precise control of the interaction between light
and matter becomes the key to create new capabilities of optical devices/instruments
for telecommunication, sensing, molecule detection, medical treatment, light source,
optical inter-connection systems, and many other applications.
Optical �ber is an excellent example showing the ability to guide and manipulate

light. It requires only the fundamental physical principle of "total internal re�ec-
tion" for guiding light in a higher refractive index core, and it provides high band-
width optical transmission for long-distance communication with low attenuation,
which was �rst suggested by Charles Kuen Kao and George Hockham in 1966 [1].
Today, high-speed internet made possible by optical �bers has become the crucial
component in the exchange of knowledge. Photonic crystal �ber (PCF), a modi-
�ed version of optical �ber, provides many unique possibilities in the exploration of
optical phenomena in wavelength-scale systems [2�6]. PCF is a �ber with two di-
mensional periodic structures of hollow channels/holes [2]. Light can be guided in
a solid core PCF by modi�ed total internal re�ection and in a hollow core PCF by
photonic bandgap e�ect. Since the birth of �rst PCF in 1995, its versatility manifests
itself through cross-disciplinary applications in supercontinuum generation [7�9], op-
tical sensing [10,10�13], particles guidance [14,15], astronomical applications [16,17],
frequency comb generation [18, 19], gas-based nonlinear optics studies [20�22], pho-
tochemistry [23,24], optoacoustic interactions [25,26], and so on.
Although dielectric optical waveguide is the basic element to transmit light, the

size and performance of dielectric based photonic devices have been largely limited by
di�raction. For instance, for a dielectric medium with refractive index n, the di�rac-
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CHAPTER 1. INTRODUCTION

tion limit is given by d = λ/2n. This indicates that light cannot be focused into a
spot smaller than dimension of d, nor can it be guided in an optical �ber/waveguide
with core dimension less than d. The di�raction limit strongly restricts the develop-
ment of photonic devices in subwavelength scale and hinders our ability to control
and manipulate light-matter interaction in subwavelength scale.

The continuous demand for faster signal transportation and smaller communication
devices are driving the development of chip-scale optical interconnects and even an
"optical computer". However, with the di�raction limit, the dielectric optical devices
can never be reduced to a size comparable to the semiconductor components in the
computer's processors (current transistor gate lengths are as small as 22 nm, Intel Ivy
Bridge CPU [27]). In contrast, the electronic interconnection in a processor has the
limitation on speed because of the thermal and resistive-capacitive (RC) delay time
issues. The limitations in the operating speed and device dimensions of the current
communication system are highlighted by the blue and green boxes in Fig. 1.1 [28].

1.2 Surface plasmon polaritons: breaking the di�rac-

tion limit

A new approach is required in order to achieve sub-wavelength scale optical waveg-
uides. One promising solution arises from the so-called surface plasmon polaritons
(SPP), where electromagnetic wave can be guided by a metal-dielectric nanostructure
below the di�raction limit while still maintaining the high optical bandwidth. SPPs
are surface electromagnetic waves propagating along the interface between metal and
dielectric media. They are excited by the coupling of the electromagnetic �eld of the
light wave and the oscillations of free electrons in the metal [29]. Because the electro-
magnetic wave (EM) wave is coupled to the motion of the conduction band electrons
which are bound to the metal surface, SPP is con�ned strongly to the surface of the
metal.

The �rst demonstrations of SPPs dated back to the beginning of the 20th century
by Sommerfeld (1899) and Zenneck (1907). However, these early studies focused in
the long wavelengths regime. Since then, several observations have been reported in
the visible. In 1968, Ritchie demonstrated a SPP excitation on a metal grating in
the visible region [30]. At the same time, excitation of SPPs using prism coupling
was reported by Kretschmann [31]. In 1998, Ebbesen reported strong enhancement
of transmitted light in an arrays of sub-wavelength holes in a metal substrate, which
implied the coupling of light and SPPs in a nanostructured metal surface [32].

SPP has not attracted much attention until recently due to the advances in micro-
and nanofabrication techniques for fabricating such nanoscale metallic structures.
Because of its nature as a surface EM waves, SPP can propagate along the interface
between metal and dielectric medium with a nanoscale light con�nement far below
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1.2. SURFACE PLASMON POLARITONS: BREAKING THE

DIFFRACTION LIMIT

Figure 1.1: The limitations in the operation speed and dimension of current communication tech-
nologies. The dashed lines indicate the physical limitations of di�erent technologies. Semiconductor
electronics is limited in speed to about 10 GHz due to heat generation and the RC delay time
issue. Dielectric photonics is limited in size by di�raction. Plasmonics, with sub-wavelength con-
�nement and high optical bandwidth, can be the solution for future communication systems as its
encompasses photonics and electronics [28].

the di�raction limit of light (< 50 nm), breaking the con�nement barrier of conven-
tional optics. This ultrahigh con�nement permits the manipulation, guidance and
con�nement of light on a nanometer length scale. As a result, plasmonics (red box in
Fig. 1.1) became a promising candidate merging electronic and photonic circuits for
future optical communication and optical computing, providing a solution to over-
come the challenges of the increasing demand of electronic circuits and the limitation
of electronic interconnections [29,33�37].

After intense studies of plasmonics in the recent years, a wide variety of plasmonic
structures and devices has been realized to form the building blocks of a chip-based
plasmonic system, such as plasmonic stripe, wedge, slot, or nanowire waveguides
(Fig. 1.2(a)) [38�44], splitters and multiplexers [45], couplers (Fig. 1.2(b)) [46�48],
modulators [49�52], electrical detectors [53], interconnects [54] and so on. In addition
to on-chip applications, the strong �eld enhancement and concentration of SPP �nds
many applications in optical/biosensors [55,56], near-�eld optics and microscopy (Fig.
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1.2(c)) [57�59], nano-lasers [60,61], quantum plasmonics [62,63], and plasmonic based
photovoltaic devices (Fig. 1.2(d)) [64,65].

Figure 1.2: Dielectric-loaded plasmonic (a) waveguide and (b) coupler [66,67]. (c) Antennas with
gap sizes down to ∼10 nm and Yagi-Uda antenna [57]. (d) Plasmonic solar cell with hexagonal
array of Ag nanoparticles with particle diameter of 300 nm [64].

1.3 Plasmonics in photonic crystal �ber

Because of the momentum mismatch between the SPP mode and the vacuum light
wave, the SPP mode cannot be excited by directly shining light on the metal sur-
face. Special techniques need to be used to excite the plasmon mode. Many of the
previous studies excited the SPPs in planar dielectric-metal structure by using prism
coupling or structuring the interface [33, 36, 68�70]. In our study, we excite the SPP
in an alternative way by using metal-�lled PCF. PCFs, as mentioned, provide various
possibilities to alter the waveguiding properties of optical �bers. The hollow channels
in a PCF can be �lled or coated with di�erent materials, such as polymers, semicon-
ductors, and liquid crystals [71�75], to modify the transmission characteristics (e.g.,
dispersion and absorption) of the �ber.
In the context of SPP investigations, we �ll the hollow channels of the solid core

PCF with metal by a high temperature and pressure system. The resulting �bers
have metallic nanowire or nanowire arrays integrated in the cladding structure, as
shown in Fig. 1.3. The nanowire typically has sub-micron dimensions (∼ 200 - 1000
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1.3. PLASMONICS IN PHOTONIC CRYSTAL FIBER

Figure 1.3: (a) Schematic of the gold-�lled PCF where the light is launched to the core for the
excitation of SPP on the nanowire. The typical length of the Au-�ber is several centimeter (b)
Scanning electron micrographs (SEM) images of a gold-�lled solid core PCF which was polished by
focused ion beam etching. (c) SEM image of a one hole Au-�lled polarization maintaining PCF.

nm), which has a length-to-diameter ratios (aspect ratios) as high as 100 000. In
such regularly arranged nanowire structures, SPP resonances are observed when the
axial wave vectors of the guided core mode and the SPP modes are phase-matched.
Due to the SPP resonance, the guided core mode couples to the SPP modes in the
metal wire, which are then absorbed by or leaked through the cladding [76�78].

The Au-PCFs introduced here provide an entirely novel method for the excitation
of the SPP mode on a cylindrical nanowire. The spectral resonance position and cou-
pling e�ciency can be precisely engineered by the hollow cladding structure in the
PCF. These plasmonic PCFs present a new class of hybrid plasmonic waveguiding,
enabling the realization of novel in-�ber plasmonic devices, such as optical sensors,
polarizers or �lters in near-�eld optics, near-�eld tips for sub-wavelength-scale imag-
ing, and nanoscale electrodes. More importantly, they provide an excellent platform
to study the fundamental sciences of the propagating plasmon, for instance, nonlin-
ear plasmonics excited via ultrashort pulses, magneto-optical plasmonic properties,
interactions between propagating plasmons, quantum plasmonics (a single plasmon
excited on the nanowire and propagate along the �ber), and molecular detection
using the plasmonic nanowire tip.
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1.4 Scope of the thesis

Although optical �ber is typically used for transmitting light over a long distance
range, the aim of our studies is not to use the Au-�lled PCF for long-haul communi-
cation, but rather to focus on the fundamental studies of plasmon propagation and
the understanding of the coupling mechanisms. The objectives of our studies are to:

1. Design and engineer a new �ber microstructure for e�cient excitation of SPP
on nanowire.

2. Investigate the linear plasmonic properties and the interaction between the
plasmonic wires.

3. Study the nonlinear properties of gold-�lled PCF and investigate the nonlin-
earity of metal.

4. Explore new optical phenomena using plasmonic PCF.

The thesis is organized as follows:

Chapter 2 outlines the relevant fundamental properties and theoretical description
of the subjects. The basic optical properties of PCF and the complex dielectric
permittivity are introduced. The analysis of a planar surface plasmon mode and its
dispersion relation are presented. A brief numerical analysis of the SPP in circular
wire is discussed by solving the exact Maxwell's equations and approximating the
spiraling plasmon. A fair agreement is found using the spiraling model. Coupled
mode analysis of the SPP coupling in a gold-�lled PCF is also included.
Chapter 3 describes the techniques to fabricate metallic nanowire in PCF. The

�ber post-processing technique and three di�erent novel fabrication methods are pre-
sented, which include high temperature pressure cell �lling, direct drawing from the
�ber drawing tower, and the spliced-�ber pressure �lling technique. Among them,
the direct drawing technique can produce Au-�lled �ber with lengths up to sev-
eral hundreds of meters. The splicing method provides a �exible and simple way
of selective in�ltration. Nanowires with diameters as small as 90 nm can be made
using these techniques. With the metallic nanowire fabrication methods presented
here, Au-PCF with di�erent cladding geometry and di�erent wire location can be
routinely fabricated.
Chapter 4 discusses SPP coupling in gold-�lled modi�ed step-index �ber. A gold-

nanowire is placed parallel next to the conventional Ge-doped step-index core. By
measuring the optical transmission of such �bers, a surface plasmon resonance was
observed at the phase matching point between the guided SPP mode on the nanowire
and the glass core mode. By monitoring the side-scattered light at narrow breaks
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in the nanowire, the loss was estimated. In addition, creation of a conical gold
nanowire was achieved by thermal treatment on the hollow channel. These gold-�lled
structures were analyzed with coupled mode theory and �nite element simulation.
The asymmetric directional coupler (lossy wire and transparent core) geometry shows
that two eigenmodes exist, one (a plasmon-like mode) with very high attenuation and
the other (a dielectric-like mode) with attenuation as low as 7 dB/cm at resonance.
Chapter 5 presents plasmon excitations in single plasmonic nanowire integrated

PCFs. The transmission characteristics of a PM-PCF �lled with a single gold nanowire,
including the transmission spectrum, the polarization dependence, the near-�eld pat-
terns, and the loss, are discussed and compared with simulation results. Furthermore,
single nanowire �lled endlessly single mode (ESM) PCFs are investigated. The de-
pendence of SPP coupling on the gold-wire diameter and position are investigated.
These studies provide a deeper insight into the physics of SPP resonance in PCF.
Chapter 6 investigates the interaction between the plasmonic nanowires using a

multiwire-�lled PCF. With a pair of gold nanowires incorporated into a photonic
crystal �ber, we couple to the plasmonic "molecule". Hybridized modes are excited
at speci�c wavelengths by launching light into the glass core. The hybridization of the
propagation plasmonic modes results in a modal splitting of ∼ 100 nm and formation
of bonding and anti-bonding solutions. The study in this chapter provides insight
into multi-wire plasmonic system and represents a new platform for investigating
various plasmonic e�ects such as gap-plasmons and nonlinear properties of coupled
nanowire.
Chapter 7 discusses the mechanism of ultrafast nonlinearity of metal described by

Fermi smearing. We investigate the nonlinear properties of the gold-�lled PCF with
CW laser and femtosecond laser. Several directions are given to access the ultrafast
nonlinearity of metals.
Chapter 8 concludes the thesis. Several suggestions/ideas for further investigation

on the development of novel devices and fundamental studies are given.
Pictorial overview of the thesis is depicted in Fig. 1.4.
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Figure 1.4: Overview of the thesis. Chapter 2 presents the theory of cylindrical plasmonic modes.
Chapter 3 reports the fabrication techniques of metallic nanowire in PCF. Chapter 4 presents
the scattering and optical properties of gold-�lled modi�ed step index �ber. Chapter 5 presents
plasmonic properties of single-wire PCF. Chapter 6 presents the excitation of a plasmonic "molecule"
in multiwire PCF. Chapter 7 discusses the nonlinear properties of the plasmonic PCF.
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Chapter 2
Electromagnetic mode of plasmonic
nanowire in PCF

This chapter we focus our discussion on the interaction of light with metal on the sub-
wavelength scale and present the basic theories of surface plasmon-polaritons (SPPs)
coupling in photonic crystal �bers (PCFs). Our analysis begins with the overview
of the optical properties of PCFs and metals, followed by the Drude model which
is used to describe the complex dielectric function of metals. Section 2.4 presents
the analysis of a planar metal-dielectric interface to provide a better understanding
of SPP excitation. Section 2.5 discusses the solution of Maxwell's Equations and
the dispersion relation of a plasmon on a circular gold nanowire embedded in silica,
which is an important starting point to understand the gold-�lled PCF. Two di�erent
methods are presented to reveal the dispersion of an isolated single wire: one is the
direct analytical way to solve Maxwell's equations with proper boundary conditions
and the other is based on approximating a SPP mode by a spiralling planar SPP.
Finally, coupled mode theory and �nite element simulation are used to analyze the
SPP coupling in a gold-�lled PCF.

2.1 Photonic crystal �ber

Photonic crystal/photonic bandgap materials consist of periodic dielectric structures
on the wavelength scale where certain frequency of light is forbidden to propagate.
In fact, more than a century ago, scientist Lord Rayleigh �rst reported the forbidden
stop-band in one dimensional periodic media in 1887 [79]. One hundred years later,
Eli Yablonovitch and Sajeev John used the ideas from classical electromagnetism and
solid state physics to introduce the concept of omnidirectional photonic band gaps
in two and three dimensions and suggested the idea of photonic crystal or photonic
bandgap in 1987 [80].
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Figure 2.1: Left: solid core PCF, right: hollow core PCF [2].

In 1991, Philip Russell came up with the idea of PCF. He proposed the use of
photonic bandgap to trap light in a hollow core �ber by a periodic wavelength-scale
lattice of microscopic holes in the cladding [2,3]. He and his coworkers made the �rst
convincing solid core photonic crystal �ber structures in November 1995. Since then,
PCF has attracted a lot of attention since it provides various unexpected possibilities
of developing optical devices and studying fundamental optics [4, 5].

Generally, PCF is a �ber with two dimensional periodic structures of regular arrays
of hollow channels running along the �ber. It is usually fabricated by stacking circular
silica capillaries and drawing it down to desired diameter in the drawing tower. Thus
it is a single material �ber.

There are two main kinds of PCF, solid core PCF (index guiding PCF) and hollow
core PCF (photonic bandgap guiding PCF) as shown in Fig. 2.1. In solid core PCF,
the core has a higher average refractive index than the microstructured cladding.
Similar to the standard step-index �ber, light can be trapped and guided in the core
of the solid core PCF due to "modi�ed total internal re�ection", which is the result
of the refractive index contrast between the silica core and the holey cladding.

In hollow core PCF, light can be trapped in the core by photonic bandgap e�ect.
In such PCF, the periodic holey structure of the cladding can be made of di�erent
materials such as air [81] and high index glass [82]. This periodic structure of high
index cladding provides a photonic bandgap which forbids a certain wavelength of
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light to exist within the periodic structure [83]. We can also view that no modes in
the cladding can phase match to the core mode and hence light is unable to leak out
through the cladding [3, 84]. It should be noted that photonic bandgaps can also be
created in a solid core PCF where the periodic cladding has slightly higher refractive
index than the core [85].

Owing to the unique holey structure and the guiding mechanism of PCFs, their
optical properties can be manipulated by designing the desired glass-air structures.
The versatility of PCF includes the design of endlessly single mode �bers [86], disper-
sion engineering by modifying the air �lling fraction [87], enhancing the nonlinearity
by a small core [8], creating high birefringence by breaking the symmetry [88] and
hollow-core guiding [89]. In our study, we mainly use the index guiding (solid core)
PCF and exploit its holey cladding for surface plasmon excitation.

2.2 Optical properties of metals

Metal contains free electrons with concentrations N of the order of 1028m−3. With
this high electron density, the optical properties of metal mainly depend on the re-
sponse of the electron ensemble in the conduction band. With the free electron theory
of metals, the dielectric function and the absorption of light due to the electron tran-
sition to higher energy states with respect to the conduction band can be reasonably
described. The electron transport in metals is often described by the Drude model.

The response of metal to electromagnetic radiation can be de�ned as

~D = ε0 ~E + ~P = ε0ε(ω) ~E (2.1)

where ~D is the electric displacement vector, ~E is the electric �eld, ~P is the electric
polarization, and ε and ε0 are the material dependent dielectric permittivity and
vacuum dielectric permittivity, respectively.

In the free electron model, the electrons oscillate with the applied EM �eld and are
damped by electron-electron collisions, which is characterized by a damping constant
γ = 1/τ (τ is the average time between successive collisions; γ typically of the order
of 1 × 1014s−1).

Assuming an oscillating electromagnetic �eld

~E(t) = ~E0e
−iωt, (2.2)

the motion of the electrons can be described as an oscillation equation:

m
∂2~x

∂t2
+mγ

∂~x

∂t
= −e ~E0e

−iωt, (2.3)
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where m is the e�ective mass and e is electron charge. Equation (2.3) has solutions
of the following form:

~x(t) =
e

m(ω2 + iγω)
~E0e
−iωt. (2.4)

The polarization ~P is then written as:

~P = −Ne~x = − e2N

m(ω2 + iγω)
~E0e
−iωt, (2.5)

and

~D = ε0

(
1− e2N

mε0(ω2 + iγω)

)
~E0e
−iωt

= ε0

(
1−

ω2
p

(ω2 + iγω)

)
~E0e
−iωt (2.6)

where ω2
p = e2N

ε0m
is the plasma frequency of the free electron gas. It is the typical

electrostatic oscillation frequency for the electrons to restore around their equilibrium
positions. Using Eq. (2.16) and Eq. (2.6), we can express the dielectric function by:

ε(ω) = 1−
ω2
p

ω2 + iγω
(2.7)

with the real and imaginary parts:

ε
′
(ω) = 1−

ω2
pτ

2

1 + ω2τ 2
(2.8)

ε
′′
(ω) =

ω2
pτ

ω(1 + ω2τ 2)
. (2.9)

Assuming weak damping (ω � γ), the expression can be simpli�ed to:

ε(ω) = 1−
(ωp
ω

)2
. (2.10)

With this form, the dielectric function is dominated by the real value implying that
the absorption is neglected. It can be seen that for frequencies below the plasma fre-
quency (ω � ωp), the dielectric permittivity is negative and the metal is re�ecting.
For high frequencies (ω � ωp), the metal behaves with "dielectric-like" properties
and light can be transmitted. The undamped form in Eq. (2.10) is only valid to
near-infrared frequencies (plasma frequency for gold (Au) and silver (Ag): 13 ×1015
Hz (wavelength of 145 nm) [93]). For most real metals, interband transitions also
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Figure 2.2: (a) Real and (b) imaginary parts of the dielectric constant of gold. The green curve
is calculated with the Drude model using Eq. (2.8) and (2.9). The black circles correspond the
experimental value from Johnson and Christy [90]. Red curve corresponds to the experimental
value from Palik handbook of optical constant [91]. Blue curve is the �t of experimental data using
Eq. (2.11) from Ref. [92].

contribute to the absorption. Therefore, for frequencies close to the interband tran-
sition (typically in the visible range), the Drude mode is not valid anymore. In
the following sections, we focus on gold because it is the best metallic material for
the fabrication of nanowire in silica photonic crystal �ber (fabrication issues will be
discussed in chapter 3).

Figures 2.2 shows the complex permittivity of gold from the most commonly used
experimental data from Johnson and Christy (black circle) [90] and Palik handbook
of optical constant (red curve) [91]. The analytic �t of the experimental data (blue
curve) [92] and the calculated values from the Drude model by Eqs. (2.8) and (2.9)
(green curve) are plotted in the same �gure. It can be seen that the Drude model
failed to describe the permittivity of gold especially in the region between 200 nm -
600 nm. This is because the band structure of gold reveals two interband transitions
in the visible range, which were not taken into account in the Drude model.

With a modi�ed Drude permittivity taking into account the contribution from the
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interband transitions in gold in the violet and near-UV wavelength range, an analytic
�t from Ref. [92] (blue curve) shows a good agreement with the measured data from
Johnson and Christy [90]. The analytic form of the dielectric function of gold is
written in Eq. (2.11) with the parameters in Table 7.1. The �rst and second terms
in Eq. (2.11) are the contribution from the Drude model, while the third and fourth
terms are the contribution from the interband transitions. Throughout the thesis, we
use this analytic form for calculating the dielectric function of gold.

εAu(λ) = ε∞ −
1

λ2p(1/λ
2 + i/γpλ)

+
∑
j=1,2

Aj
λj

[
eiφj

(1/λj − 1/λ− i/γj)
+

e−iφj

(1/λj + 1/λ− i/γj)

]
(2.11)

Parameter (units) Data of Johnson and Christy

ε∞ 1.54
λp (nm) 143
γp (nm) 14500
A1 1.27

φ1 (rad) -π/4
λ1 (nm) 470
γ1 (nm) 1900
A2 1.1

φ2 (rad) -π/4
λ2 (nm) 325
γ2 (nm) 1060

Table 2.1: Parameters used in Eq. (2.11) for gold [92].

2.3 Maxwell's Equations and wave equation

Before presenting electromagnetism of surface plasmon polaritons, we recall Maxwell's Equa-
tions which provide the basic equations governing the electromagnetic response:

∇× ~E =− ∂ ~B

∂t
(Faraday's Law) (2.12)

∇× ~H =− ∂ ~D

∂t
+ ~J (Ampere's Law) (2.13)

∇ · ~D =ρ (Gauss Law) (2.14)

∇ · ~B =0 (2.15)
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where ~E is the electric �eld [V/m], ~H is the magnetic �eld [A/m], ~D is the dielectric �ux
[C/m], ~B is the magnetic �ux density [T], ~J is the current density of free charges, and ρ is
the free charge density.
The �elds are related by the material properties:

~D = ε0 ~E + ~P (2.16)
~B = µ0 ~H + ~M (2.17)

where ε0 is the free-space dielectric permittivity, which is equal to 8.85 × 10−12 [F/m],
µ0 is the free-space magnetic permeability, which is equal to 4π × 10−7 [H/m], ~P is the
polarization density �eld for the medium, which is interpreted as the dipole moment per
unit volume, and ~M is the magnetization, which is the magnetic moment per unit volume.
In a non-magnetic medium such as dielectric medium, the magnetization term vanishes. In
addition, we are primarily consider in a dielectric medium that contains no free charge (ρ
= 0) and no free currents ( ~J =0). Taking the curl operator of Eqs. (2.12) and (2.13) and
using Eqs. (2.16) and (2.17), the wave equation can be obtained

∇×∇× ~E = −µ0
∂2 ~D

∂t2
, (2.18)

using an identity from vector calculus

∇×∇× ~E = ∇
(
∇ · ~E

)
−∇2 ~E, (2.19)

and noting that ∇· ~E = 0 for isotropic source-free media, the wave equation can be written
in a form of

∇2 ~E − ε

c2
∂2 ~E

∂t2
= 0, (2.20)

where ε is the permittivity of the material and c = 1/
√
ε0µ0 is the speed of light in vaccum.

Assuming a harmonic time dependence ~E(~r, t) = ~E(~r)e−iωt, Eq. (2.20) becomes

∇2 ~E + k20ε ~E = 0, (2.21)

where k0 = ω/c is the vacuum wavevector. Eq. (2.21) is known as the Helmholtz equation
for the electric �eld.

2.4 Planar surface plasmon polaritons

SPPs, excited by coupling an electromagnetic �eld to the free electron in a metal, are
electromagnetic surface waves propagating along a metal-dielectric interface. To understand
the optical behavior of SPPs, we consider a simple planar metal-dielectric structure, as
shown in Fig. 2.3, where a dielectric material (x > 0, dielectric) is located on top of a
metal (x < 0). The dielectric medium has a positive real dielectric εd, and is assumed to be
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Figure 2.3: Geometry diagram for a SPP propagating at the interface between metal and dielectric
when excited by the TM wave.

isotropic and non-absorbing. The metal is isotropic and has a frequency-dependent complex
dielectric function given by εm(ω) = ε

′
m(ω) + iε

′′
m(ω).

Consider the SPP propagating in the z direction and the transverse-magnetic (TM) wave
with magnetic �eld out of the plane. The electric and magnetic �elds in the dielectric
medium (x > 0) can be written as

~Ed =

Exd0
Ezd

 ei(kxdx+kzdz−ωt) (2.22)

~Hd =

 0
Hyd

0

 ei(kxdx+kzdz−ωt) (2.23)

In the metal (x < 0), the electric and magnetic �elds are given by

~Em =

Exm0
Ezm

 ei(−kxmx+kzmz−ωt) (2.24)

~Hm =

 0
Hym

0

 ei(−kxmx+kzmz−ωt). (2.25)

From Maxwell's Equations Eqs. (2.13) and (2.16) (without free current), we have

∇× ~Hi = εi
∂ ~Ei
∂t

, (2.26)

where the subscript i denotes the materials and ε is the dielectric permittivity in the re-
spective material. It can be expanded as
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L.H.S =

(
∂Hzi

∂y
− ∂Hyi

∂z

)
~x+

(
∂Hxi

∂z
− ∂Hzi

∂x

)
~y +

(
∂Hyi

∂x
− ∂Hxi

∂y

)
~z

=ikziHyie
i(kxix+kziz−ωt)~x+ ikxiHyie

i(kxix+kziz−ωt)~z (2.27)

R.H.S =

Exi0
Ezi

 (−iωεi)ei(kxix+kziz−ωt). (2.28)

Using the relation from Eqs. (2.27) and (2.28), and apply them to the metal-dielectric
interface (m and d indicate the metal and the dielectric, respectively), we obtain

kxm
εm

Hym

Hyd
= −kxd

εd

Ezm
Ezd

. (2.29)

Applying the boundary condition where the tangential components of the electric �eld and
magnetic �eld are continuous at the interface [94], i.e., Ezm = Ezd and Hym = Hyd, yields

kxm
kxd

= −εm
εd

(2.30)

The wavevectors are related by

k = k2x + k2z = εi

(ω
c

)2
(2.31)

From Eqs. (2.30) and (2.31), we �nd

k2z =εm

(ω
c

)2
− k2xm (metal, z<0) (2.32)

k2z =εm

(ω
c

)2
−
(
−kxm

εd
εm

)2

(dielectric, z>0) (2.33)

Substituting Eq. (2.32) into Eq. (2.33) yields,

k2z =
(ω
c

)2( εdεm
εd + εm

)
(2.34)

with εm = ε
′
m+ iε

′′
m and ε

′′
m < |ε′m|, the dispersion relation for the SPP at a metal-dielectric

interface can be written as

Re(kz) =
(ω
c

)√ εdε
′
m

εd + ε′m
(2.35)

Im(kz) =
(ω
c

)( εdε
′
m

εd + ε′m

) 3
2 ε

′′
m

2ε′2m
. (2.36)
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The above equations show the dispersion characteristics of a planar SPP, where the frequency-
dependent dielectric function of the dielectric εd can be calculated by the standard Sellmeier
expansion [95] and the complex frequency-dependent dielectric function of metal εm can be
obtained from the Drude model or experimental data set, as discussed in Section 2.2.

Figure 2.4: Dispersion characteristics of planar SPPs at an air-gold interface (blue curve) and a
silica-gold interface. The blue and black dashed lines are the silica light line and the air light line,
respectively. ωsp,air and ωsp,εd are the surface plasmon frequencies for both interfaces, n is the
refractive index of silica.

Figure 2.4 depicted the dispersion characteristics of SPPs at the air-gold interface (black)
and the silica-gold interface (blue) calculated with Eq. 2.35. It can be seen that the
wavevector kz goes to in�nity and the group velocity goes to zero as the plasmon approaches
ωsp,air or ωsp,silica. This ωsp is the classical, nondispersive surface plasmon (SP) frequency
de�ned by Ritchie [96]:

ωsp =

√
ωp

1 + εd
. (2.37)

In this regime, the propagation constant β = kzn is much larger than the plasma fre-
quency of the metal (kz � ωp/c), kxm and kxd become more equal. As a results, the SPP
condition (2.30) simpli�es to εm = −εd. This implies a non-propagating collective vibration
of electron cloud near the metal interface. The resulting electrostatic mode is known as
SP [97].
For small propagation constant (β < ωp/c), the plasmon mode approaches the dielectric

light line (ω = nck0). The speed of light limits the value of β for the electron oscillation.
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The plasmon mode describes a propagating electron wave with plane wave behavior (the
nature of a grazing-incidence light �eld)(retarded limit), and is called SPP.
For the regime ω > ωp, the metal become transparent in these frequencies. The elec-

tromagnetic �eld is then oscillating inside the metal, and it is known as radiation plasmon
polariton (RPP) region [36].
From Fig. 2.4, the dispersion of SPP for the dielectric medium never crosses its corre-

sponding dielectric light line (silica and air), which is the dispersion for the light propagating
freely in that medium. This indicates that, for a perfect metal-dielectric planar interface,
SPPs cannot be excited by a simple illumination as the energy of the incident light cannot
match to the SPPs modes. Further phase matching with grating or prism coupling is needed
for SPP excitation [98], [99]. In our study, we use optical �ber to phase-match to the SPP
mode on the nanowire. It should be mentioned that a similar analysis can be performed
for the transverse-electric (TE) wave. However, because the boundary condition cannot be
satis�ed for the TE wave, SPPs exist only for the TM polarization [36].

Figure 2.5: The x-component of electric �eld of a planar SPP on a gold-air interface for the
normalized frquency ω/ωp of (a) 0.18 and (b) 0.54 (point A and B in Fig. 2.4).

The x-components of the electric �eld can be derived by Eq. (2.27), (2.28), (2.32) and
(2.33) and can be written as

Exd =−
kzd
ωεd

Hydei(kxdx+kzdz−ωt) (2.38)

Exm =− kzm
ωεm

Hymei(−kxmx+kzmz−ωt). (2.39)

The �eld components for the gold-silica interface are depicted in Fig. 2.5 for frequency of
0.18 ω/ωp and 0.54 ω/ωp (point A and B in Fig. 2.4). As seen in the Fig. 2.5(a), the �eld is
exponential decay in both materials and they have a opposite sign of the �elds. However, in
this frequency, the �eld mainly con�ned in the dieletric region. For the frequency approach
the non-retarded limit (Fig. 2.5(b)), the �eld inside the gold signi�cantly increase. In
addition, it is clear that the �eld is strongly con�ned inside the metal (< 100 nm). This
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indicates an important fact that these SPP modes can be achieved in nanoscale even at
optical frequency. A more detailed discussion on the SPP in real metals can be found in
Ref. [36].
Furthermore, the intensity of the SPP decays in the z-direction according to e−2Im(kz)z

[100]. Thus, the SPP propagating length is given by

Lsp =
1

2Im(kz)
=
( c
ω

)( εdε
′
m

εd + ε′m

)−3
2 ε

′2
m

ε′′m
(2.40)

Figure 2.6: Propgation length of a planar SPP on a gold-silica interface.

As shown in Fig. 2.6, for the air-gold interface, the propagating length Lsp is in the order
of 100 µm at optical wavelength (280 µm at the wavelength of 1.5 µm).
The evanescent �eld decay length of the electric �eld along the transverse direction (x-

direction) can be deduced by the propagating constant in the z direction from Eqs. (2.31),
(2.32) and (2.33), with the assumptions ε

′′
m < |ε′m| and ε

′
m + εd < 0. The skin depth

(δ = 1/kxi) (the distance where the �eld falls to 1/e of its original value). of the electric
�eld) can be obtained as

δmetal =
( c
ω

)√(εd + ε′m)

ε′2m
(2.41)

δdielectric =
( c
ω

)√(εd + ε′m)

ε2d
(2.42)

Figure 2.7 shows the relative skin depth for an silica-gold interface with a function of
wavelength calculated from Eqs. (2.41) and (2.42). For the wavelength < ∼ 900 nm (green
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Figure 2.7: Calculated skin depths as a function of wavelength for a dielectric-gold planar interface.
The green region indicates the regime where the skin depth in silica surface lower than the vacuum
wavelength.

region), the skin depth in the silica surface is signi�cantly smaller than the vacuum wave-
length, indicating the strong con�nement of the SPP mode and it is signi�cantly lower than
the di�raction limit of silica (half the wavelength in the dielectric medium). In addition,
the SPP indeed decays strongly near the metal surface with the skin depth almost 40 times
smaller than that in the dielectric surface (skin depth is 22 nm in gold and 700 nm in silica
at the wavelength 800 nm).

From �gures 2.5, 2.7 and the dispersion relation of SPP, we can see that the SPP wave-
lengths can be achieved in nanoscale even at an optical frequency and that a SPP has
a strong �eld con�nement in the vicinity of the interface, which indicates that the �eld
con�nement of SPP at a frequency close to ωsp can be well below the di�raction limit [36].

2.5 SPPs on metallic nanowire

Next, we analyse SPPs on metallic nanowire. Consider a cylindrical gold wire with radius
a embedded in an in�nite dielectric material, as shown in Fig. 2.8.

To analyse this cylindrical SPP structure, two di�erent approaches are discussed. The
�rst one is exact, which is based on solving Maxwell's Equations directly. The other one
is approximate, which is based on viewing the SPP mode as a planar plasmon spiralling
around the wire.
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Figure 2.8: A cylindrical metal nanowire with radius a and dielectric constant εm is embedded in
an in�nite dielectric material with dielectric constant εd.

2.5.1 Exact solution from Maxwell's Equations

Because of the cylindrical geometry, we treat the structure in Fig. 2.8 as an optical �ber
with a metal core and solve Maxwell's Equations. This analysis is similar to the calculation
of the modes in an optical �ber that has a high index contrast [101]. We begin with writing
Maxwell's Equations in terms of the cylindrical coordinates and expressing the radial (Er
and Hr) and azimuthal (Eφ and Hφ) components as function of the longitudinal components
Ez and Hz.
From Maxwell's Equations Eqs. (2.12) and (2.13) and consider no free currents ( ~J =0),

we have ∇× ~E = −∂ ~B
∂t and ∇× ~H = −∂ ~D

∂t . Assuming a harmonic time dependence ansatz
(e−iωt) for both eletric and magnetic �elds, the cylindrical components of the electric and
magnetic �eld can be written as,

−iωµ0Hr =
1

r

∂Ez
∂φ

+ iβEφ (2.43)

−iωµ0Hφ =− iβEr −
∂Ez
∂r

(2.44)

−iωµ0Hz =
∂Eφ
∂r

+
Eφ
r
− 1

r

∂Er
∂φ

(2.45)

iωεrε0Er =
1

r

∂Hz

∂φ
+ iβHφ (2.46)

iωεrε0Eφ =− iβHr −
∂Hz

∂r
(2.47)

iωεrε0Ez =
∂Hφ

∂r
+
Hφ

r
− 1

r

∂Hr

∂φ
(2.48)

where ω is angular frequency and β is the propagation constant. Using the above six equa-
tions and rearranging the terms, we can express the �eld components Er, Eφ, Hr, Hφ in
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terms of Ez and Hz as

Eφ =
iβ

ω2εrε0µ0 + β2

(
ωµ0
β

∂Hz

∂r
− 1

r

∂Ez
∂φ

)
(2.49)

Er =
−iβ

ω2εrε0µ0 − β2

(
ωµ0
rβ

∂Hz

∂φ
+
∂Ez
∂r

)
(2.50)

Hφ =
−iβ

ω2εrε0µ0 − β2

(
ωεrε0
β

∂Ez
∂r

+
1

r

∂Hz

∂φ

)
(2.51)

Hr =
iβ

ω2εrε0µ0 + β2

(
ωεrε0
rβ

∂Ez
∂φ
− ∂Hz

∂r

)
. (2.52)

Applying Eqs. (2.49) and (2.51) to our metal-dielectric structure with Ez = ψm(r), Hz =
αψm(r), where α is a constant which de�nes the ratio between the electric and magnetic
�elds. Recalling the Helmholtz equation (Eq. (2.21) and taking the Laplacian operators in
cylindrical coordinates

∇2 = ∂2r +
1

r
∂r +

1

r2
∂2φ + ∂2z , (2.53)

we have,

∂2ψm(r)

∂2r
+

1

r

∂ψm(r)

∂r
+

{
[n2(r)k20 − β2]−

m2

r2

}
ψm(r) = 0. (2.54)

The solutions are [101]

ψ =A1Jm(Ur) +A2Ym(Ur) (n2(r)k20 − β2 > 0) (2.55)

ψ =A3Im(Ur) +A4Km(Ur) (n2(r)k20 − β2 ≤ 0) (2.56)

(2.57)

where A1, A2, A3, A4 are the constants, m is the azimuthal mode order, Jm and Ym are the
Bessel functions of the �rst kind and second kind, respectively. Im and Km are the modi�ed
Bessel functions of the �rst kind and second kind, respectively. The parameters U and W
are

U =k0

√
εm − n2eff (2.58)

W =± k0
√
n2eff − εd. (2.59)

where the neff is the e�ective refractive index of the SPPs mode which is de�ned as neff =
β/k. In order to have a con�ned mode, it is required that the �eld is evanescent in the
cladding. Therefore, for r>a (dieletric), the constant A3 = 0 to satisfy a solution with
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decaying �elds in Eq. (2.55). The constant A4 is chosen such that the �elds are normalized
at r=a, thus

ψm(r) =
Km(Wr)

Km(Wa)
(r > a). (2.60)

Inside the metal (r ≤ a), the �elds must remain �nite at the origin r=0. Taking the
coe�cient A2 in Eq. (2.55) to be zero, we obtain

ψm(r) =
Jm(Ur)

Jm(Ua)
(r ≤ a). (2.61)

Thus, we can express the electric and magnetic �eld terms as

Emetalφ =
−k0
U2

(
neff (m)

a
+
iαψ

′
mm

ε0c

)
(2.62)

Edielectricφ =
k0
W 2

(
neff (m)

a
+
iαψ

′
md

ε0c

)
(2.63)

Hmetal
φ =

k0
U2

(−neff (m)α+ iε0εmcψ
′
mm) (2.64)

Hdielectric
φ =

k0
W 2

(neff (m)α− iε0εmcψ
′
md) (2.65)

By applying the boundary conditions at the interface r = a, which indicates that the
tangential component of the electric or magnetic �eld must be continuous along a dielectric
boundary [94], i.e., Emetalz = Edielectricz , Hmetal

z = Hdielectric
z , Emetalφ = Edielectricφ , Hmetal

φ =

Hdielectric
φ , the proportionality constant α can be expressed as

α =i
mneff ε0c(U

2 +W 2)

(U2ψ
′
md +W 2ψ′mm)

(Emetalφ = Edielectricφ at r=a) (2.66)

α =i
ε0c(εdU

2ψ
′
md + εmW

2ψ
′
mm)

mneff (U2 +W 2)
(Hmetal

φ = Hdielectric
φ at r=a) (2.67)

Equalizing Eqs. (2.66) and (2.67), we obtain the dispersion relation:

n2effm
2(U2 +W 2)2 = (ψ

′
mmW

2 + ψ
′
mdU

2)(εmψ
′
mmW

2 + εdψ
′
mdU

2) (2.68)

with

ψ
′
mm =m− UaJm+1(Ua)

Jm(Ua)
(2.69)

ψ
′
md =m−Wa

Km+1(Wa)

Km(Wa)
(2.70)
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The plus and minus signs in the de�nition ofW correspond to guided modes and the leaky
modes, respectively. This is because the sign determines the exponential decay or growth
function of the modi�ed Bessel function in (2.70). It is required that the �eld is evanescent
in the dielectric cladding for the con�ned mode. On the other hand, the �eld of leaky mode
decays in the metal and grows in the dielectric. In our study, we consider only the guided
modes. By solving Eq. (2.68) numerically and taking the real part of the solution neff , we
can obtain the dispersion relation for the guided SPP modes on a nanowire.

Figure 2.9: Dispersion characteristics of the �rst �ve guided modes of a gold wire embedded in
silica for a gold wire diameter of 750 nm. The silica line (black dashed line) is also shown in the
diagram. (b) Corresponding loss of the guided mode for gold wire. (c) Calculated axial Poynting
vector distributions of the �rst �ve guided SPP modes in di�erent wavelength as indicated in the
black dots in (a).

Figure 2.9(a) and (b) show the dispersion and loss curves of �ve SPPs modes with m =
0 - 4 for a gold wire embedded in silica (gold wire diameters: 750 nm). It can be seen that
as the mode approach cut-o�, the overall loss becomes very low. It is because the mode
spreads more to the dielectric near the cut-o� wavelength, thus reducing the overlap with
the metal. Another observation is that the guided modes (for m ≥ 2) can extend below
the silica line [102]. This is the result of the large imaginary part of the dielectric function
of gold, which causes the transverse index W to become complex-valued. This leads to
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the conditions for evanescent �eld in the dielectric and thus the �eld con�nement [76]. If
the imaginary part of gold is set to zero, the cut-o� will move exactly to the silica line.
Figure 2.9(c) depicts the axial Poynting vector distributions of the �rst �ve guided SPP
modes. The grey colored region in Fig. 2.9(a) indicates a regime where the guided mode
of solid-core silica PCF may exist. As the dispersion of the SPP mode (m ≥ 2) extends
below the silica line, the guided mode of the PCF would phase match to the SPP modes,
which leads to the plasmon excitation at particular resonance wavelengths as discuss in the
following section (details in Chapter 4.4).

Figure 2.10: Real part of the z-component of (a) the electric �eld and (b) the axial Poynting vector
for the �rst three SPP modes at wavelength of 800 nm for a gold-wire embedded in silica. The grey
area indicates the gold region. Inset of (b) shows the zoomed-in of the axial Poynting vector inside
the gold.

The real part of the z-components of the electric �elds and the Poynting vectors for m =
0-2 at wavelength of 800 nm are plotted in Fig. 2.10. To calculate these �elds, the azimuthal
angle is set to zero. As seen in Fig. 2.10(a), the electric �elds of these guided SPP modes
are exponential decay in both the cladding and the gold. In addition, the axial Poynting
vectors are in opposite sign for the gold and silica, and the magnitude of the Poynting
vectors inside the metal increases with the mode order (Fig. 2.10(b)).
The plasmon dispersions for di�erent wire diameters (m = 2) are shown in Fig. 2.11.

The dispersion curve shifts to a shorter wavelength as the wire diameter decreases. It is
because a smaller portion of �eld is con�ned in a smaller wire, thus lowering the e�ective
index at a �xed wavelength. Note that the diameter dependence provides a tunable plasmon
resonance from visible to infra-red, where the plasmon mode is excited by phase matching
to the �ber core mode and will be discussed in the following section.

2.5.2 Spiraling plasmon model

A di�erent approach to solving Maxwell's equations rigorously is by employing an approx-
imate model to describe the SPP modes on a single metal wire [76], [102]. This model is
valid when the wire diameter is much larger than the skin depth of the metal, which implies
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Figure 2.11: Dispersion characteristics of m=2 SPP mode for di�erent wire diameters.

Figure 2.12: A SPP ray spiralling along a metallic nanowire, where kspp is the wavevector of the
SPP mode, β is the propagation constant along the z-direction and kt is the tangential wave vector.
To be a guide mode, the phase shift of the ray has to be a multiple of 2π after spiraling over one
complete cycle.

that the �elds of the SPP on the opposite sides of the wire do not interact and the local
wire curvature can be neglected. In this model, as shown in Fig. 2.12, a SPP is considered
as a propagating surface plasmon travelling along a helical trajectory around the wire. We
can view the SPP as a plane wave with phase fronts (black line in Fig. 2.12) oriented at an
angle to the z-axis. At the same time, the direction of exponential decay is along the wire
(z-direction) [102].
The phase shift of the tangential wavevector of a SPP mode after spiraling the wire over

one complete revolution has to be a multiple of 2π. A mode is formed only when an integral
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number of azimuthal wavelengths �t around the wire, so that

2πakt = 2π(m− 1) (2.71)

where a is the radius of the wire. With the above condition and the relation k2spp = k2t +β
2,

β = k0nspp and from Eq. (2.34) where

kspp =
(ω
c

)√ εdεm
(εd + εm)

we obtain the SPP's axial refractive index

nspp =

√
εdεm

(εd + εm)
−
(
λ(m− 1)

2πa

)2

(2.72)

where m ≥ 1 is the azimuthal mode order. The mode order is reduced by 1 for obtaining
the agreement with the exact model [102]. This approximate model gives less than 5 per-
cent error for a silver wire radius larger than 100 nm for m ≥ 2. The error decreases with
an increase in the mode order. This model simpli�es signi�cantly the calculation of the
dispersion characteristics of SPP modes [102].

The dispersion characteristics of the SPP modes withm = 1 - 4 calculated from Eq. (2.72)
for a 750 nm gold wire in silica are plotted in Fig. 2.13, where exact solutions are given
for comparison. As shown in the �gure, the approximate model has a good agreement with
the exact model for m ≥ 2. This can be explained by the fact that the higher-order modes
show smaller fractions of �eld located in the metal and hence the in�uence of the curvature
is less. It should be mentioned that this approximate model is not valid for estimating the
loss and the cut-o� wavelength of the SPP mode [76].

Figure 2.13: Comparison of the dispersion curves calculated with the exact model (solid line) and
the approximate model (dashed line) for a gold wire with a diameter of 750 nm embedded in silica.
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2.6 SPPs coupling in gold-�lled PCF

2.6.1 Coupled mode analysis

Figure 2.14: (a) Schematic of a single gold-wire �lled PCF. (b) Calculated Poynting vector distri-
butions showing the coupling between the guided PCF core mode and m=2 SPP mode.

In our study, the SPP modes of metallic nanowire are excited in the optical �ber. As seen
in an example in Fig. 2.14(a), the nanowire is integrated in one of the hollow channels in
the cladding in the PCF. In this gold-�lled PCF, the guided core mode couples to the SPP
modes at certain resonance wavelengths when they are phase matched (more discussion on
phase matching condition can be found in Section 4.4). Figure 2.14(b) shows the �nite
element simulation results where the quadrupole SPP mode is excited. This coupled system
can be understood by considering the gold-�lled PCF structure as a directional coupler in
which the PCF acts as a waveguide for the guided core mode and the gold wire acts as
a waveguide for the SPP mode. These two waveguides are considered as perturbations to
each other, and can be analyzed using coupled mode theory (CMT) [101,103].
The Au-�lled PCF structure in Fig. 2.14 require a numerical simulation to calculate the

PCF guided core mode dispersion. In addition, the presence of the cladding holes around
the nanowire would a�ect the accuracy of the SPP mode calculation (because the air holes
lower the surrounding index) using the method describe in Section 2.5. To understand the
coupling condition, we consider a simple modi�ed step-index �ber where a gold nanowire
runs parallel next to the GeO2-doped core (Fig. 2.15) (the structure is investigated in
chapter 4). With this directional coupler which consists of two parallel lossless core (C) and
metallic plasmon waveguide (P), the coupled-mode equations can be given approximately
by

dac
dz

=iκap + iθac

dap
dz

=iκac − αpap (2.73)

where κ the coupling constant, αp the amplitude attenuation rate of the guided SPP mode
(α/κ > 1 in this case) and θ = (βP − βC) is the inter-guide dephasing rate. The modal
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Figure 2.15: A simple SPP coupler structure with a Ge-doped dielectric core and metallic nanowire
SPP waveguide. Inset: axial Poynting vector distribution of the isolated fundamental core mode
and m=2 SPP mode.

wavevectors of the uncoupled nanowire and glass core (both dispersive) are βP and βC . The
e�ective index of the SPP modes βP can be calculated by the methods discussed in Section
2.5 and the e�ective index of the core mode βC can be calculated by solving the standard
eigenvalue equations for optical �ber [101].
Equation (2.73) can be written as an eigenvalue equation

d ~E

dz
= C̃ ~E (2.74)

with the matrix C̃ given by

C̃ =

∣∣∣∣ iθ iκ
iκ −αp

∣∣∣∣ (2.75)

Equation (2.74) have a solution

~E(z) = ~E(0)eiβz (2.76)

where ~E(0) is the transverse electric �eld component. Using Eq. (2.74), (2.76), and taking
the determinant of (2.75), the propagation constants of the two eigenmodes (supermodes)
are given by:

β± = βC +
θ + iαp ± i

√
(−iθ + αp)2 − 4κ2

2
(2.77)
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Eq. (2.77) is valid in the vicinity of an anti-crossing, at the centre of which θ= 0. In
contrast to the conventional dielectric coupler, the coupling between core and nanowire is,
however, unbalanced because the loss of the plasmon mode in the nanowire is many orders
of magnitude higher than the guided core mode. From Eq. (2.77), we �nd that in this
coupling system one "plasmon-like" eigenmode has very high attenuation (+ sign), with
the �elds being concentrated on the nanowire, whereas the other "dielectric-like" mode has
very low attenuation (- sign), with the �elds being predominantly in the glass core (more
discussion on the coupling characteristics of this structure are presented in Section 4.4.2).

Figure 2.16: Calculated modal attenuation of the dielectric-like mode of a Au-�lled modi�ed step
index �ber for di�erent coupling constants κ. The core and wire diameters are 1.1 µm and 480 nm,
respectively.

Figure 2.16 shows the calculated attenuation of the "dielectric-like" (- sign) supermode
for di�erent coupling constants (κ = 1, 2, 4 mm−1) using Eq. (2.77). The Au-�lled �ber
has dielectric core diameter of 1.1 µm and wire diameter of 480 nm (these are the typical
dimensions of the core and wire we used in the experiment). Only the m=2 SPP mode is
considered. It can be seen from the �gure that the loss of the dielectric-like mode increases
signi�cantly with the coupling constant. The drop in the attenuation around 745 nm is due
to the cut-o� of the m=2 plasmonic mode. Note that the value of the coupling constant of
the structure can be obtained by matching the calculated peak attenuation to the experi-
mental or �nite element simulated values, as discuss in Section 4.4. The approximated κ
value can also be calculated by taking the overlap integral of the �eld between the guided
core mode and SPP mode (details in Chapter 13 of Ref. [101]).

2.6.2 Finite element analysis

The propagation of the EM wave in gold-�lled �ber structure can also be numerically sim-
ulated by �nite element (FE) method. This method discretizes the structure into triangle
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mesh and solves the Maxwell's equations at each point in the mesh by matching the bound-
ary conditions of the adjacent elements. The FE simulation software we used is JCMsuite
(JCMwave1) and COMSOL2. These simulation techniques allow us to calculate the e�ec-
tive index of both the guided and radiation modes of the system. By including the complex
dielectric function of an absorbing material (such as gold in our case) in the simulation, the
loss of the mode and the dispersion can be calculated. In order to resolve the highly con�ned
evanescent �eld of SPP mode, mesh sizes of less than 3 nm inside the metal adjacent to the
interface is normally used.

Figure 2.17: An example of FE simulated (a) e�ective index and (b) loss of a guided core mode
of a gold-�lled step index �ber.

Figure 2.17 show an example of a FE simulated dispersion and losses of a guided core
mode of modi�ed step index �ber with a gold-wire integated in it (similiar structure as Fig.
2.15). The core diameter is 3 µm, wire-diameter is 4.1 µm and core-wire separation is 3.96
µm. As seen in Fig. 2.17(b), two loss peaks are observed at wavelengths of ∼ 1010 and 1190
nm. The magnitude of the loss peak is as high as 350 dB/cm at 1190 nm. These resonances
are excited via phase-matching between the core mode of an modi�ed step index �ber (black

1www.jcmwave.com
2www.comsol.com
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curve in Fig. 2.17(a)) and m =3 and m =4 plasmonic mode on the nanowires (red and blue
curves). The Individual m = 3 and 4 SPP propagation constant is approximated by the
model descripted in Section 2.5.2. Because of the present of the strong resonance loss peak
at 1190 nm, an anti-crossing forms in the dispersion of the guided core mode, satisfying
Kramers-Kronig relations (inset of Fig. 2.17(a)) [94].
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Chapter 3
Metallic nanowire fabrication
methods

3.1 Introduction

This chapter presents the details of the fabrication techniques of metallic nanowires inte-
grated into photonic crystal �ber. Section 3.2 discusses the material properties and the
metal �lling dynamics. Three di�erent novel fabrication methods are described in section
3.3, 3.4 and 3.5, which include (1) the high temperature pressure cell approach, (2) the
direct drawing from the �ber drawing tower and (3) the spliced-�ber pressure �lling tech-
nique. Section 3.3.1 describes the post-processing technique to selectively open or close the
hollow channels in photonic crystal �ber. Using these techniques, nanowires with diameters
down to 90 nm and continuous lengths of several centimeters can be routinely fabricated.
These techniques allow us to �ll metal selectively in photonic crystal �ber. All the tech-
niques presented in this chapter were developed together with coworkers from Max Planck
Institute. The author of this thesis was involved in designing and fabricating the PCF and
modi�ed step index �ber, in the development of �ber post-processing and �lling methods,
in the fabrication of smallest metallic nanowire embedded in silica (90 nm) and leading to
journal publications [104,105].
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3.2 Material properties

The material properties of metal are key factors to successfully �ll metal into the holey
structure of photonic crystal �bers (PCFs) which typically have diameters in micron and
sub-micron range. At those small dimensions, surface e�ects at the interface between the
materials (metal and silica glass) start to play an important role during the �lling procedure
and also a�ect the quality of the nanowire. In this section, we discuss the anti-capillary
force and the metal-�lling dynamics in a small capillary.

3.2.1 Wetting and contact angle

Wetting is the ability of a liquid to maintain contact with a solid surface when they are
brought to each other. The degree of wetting is depended on the intermolecular interactions
resulting from the balance between the adhesive (attractive forces between unlike molecules)
and cohesive (a force cause a tendency in liquids to resist separation) forces.

Figure 3.1: Wetting of liquids on solid surface. (Left) The liquid strongly wets the surface and
leading a contact angle θ smaller than 90o. (Right) Liquid show a weak wetting and with contact
angle larger than 90o.

Liquids with di�erent degrees of wetting are shown in Fig. 3.1. The left side shows
the liquid with strong wetting and leading a small contact angle (θ < 90o). The liquid
in the right is weakly wets with the surface and with a large contact angle (θ > 90o).
The contact angle of a liquid is the angle between the surface and the tangential of the
liquid/air (liquid/vapour) interface. It depends on the interaction (surface tension) across
the interfaces between liquid/vapour(γlv), solid/vapour (γsv) and solid/liquid (γsl) and can
be expressed as

θ = cos−1
(
γsv − γsl
γlv

)
. (3.1)

In the case of strongly wetting liquid (such as water on glass), γsv > γsl, therefore leading
a contact angle smaller than 90o. In a weakly wetting liquid (such a metal on glass), γsv <
γsl, resulting a contact angle larger than 90o.
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3.2.2 "Anti-capillary" e�ect of metal

The capillary e�ect is important when considering liquid in a small scale hollow capillary.
As shown in the schematic in Fig. 3.2(a), for the case of water (wetting material) in a
glass tube, the liquid column is pulled up due to the intermolecular forces (capillary force)
between the liquid and solid surrounding surfaces. The capillary e�ect is resulted from the
liquid which wetting to the inner wall being pulled upwards and the surface tension of the
liquid induces a net force on the liquid, pulling the liquid column upward. The height of
the column reached a maximum when the capillary force is at the equilibrium with the
gravitation forces. It can also be seen that a concave meniscus is formed (contact angle
<90o), which is due to the stronger forces between the solid and the liquid (strong wetting)
than the molecular forces within the liquid. Subsequently, the molecules are pulled near the
surface and forming the concave curvature.

Figure 3.2: Schematic of the capillary e�ect for wetting (water) and non-wetting (metal) matierials.

For the case of metal (non-wetting material) (Fig. 3.2(b)), an anti-capillary e�ect is
observed, pushing the liquid metal out of the capillary. This anti-capillary force results
from the stronger attraction of the liquid metal molecules than the molecules of the silica
tube. Therefore, the liquid molecules are repelled from the surface of the solid (convex
meniscus) and forming a net force to push the liquid out the capillary.

Considering the pressure di�erence across the interface between two liquids due to the
surface tension and using the Young-Laplace relation, the e�ective pressure along the vertical
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capillary can be expressed as [106], [107]

P =
2γcos(θ)

r
(3.2)

where γ is the surface tension, θ is the contact angle, and r is the radius of the capillary.
For the equilibrium static state (without external pressure), the e�ective pressure of the
capillary is balanced by the gravitation force which leads to

2γcos(θ)
r

= ρgh (3.3)

ρ is the density of the liquid, g is the acceleration of gravity, and h is the height of the liquid
column. The equilibrium height of the liquid column in a capillary is then given by:

h =
2γcos(θ)
ρrg

(3.4)

For wetting materials (water, contact angle θ <90o), it is clear from the equation that the
height of liquid inside the capillary will increase once the capillary is placed in the liquid. In
contrast, for non-wetting material (metal, contact angle θ >90o) (negative h), the liquid is
pushed out by the "anti-capillary" e�ect. As a result, an external force/pressure is required
to �ll metal into a small hole capillary.

3.2.3 Filling dynamics

The metal �lling dynamics in cylindrical capillaries with small inner diameter can be de-
scribed by the Washburn equation [106]. Assuming that only laminar �ow exists in the
capillary and neglecting the air resistance, the overall balance of forces on the liquid in the
capillary can be expressed as [106], [108]:

∑
P =

8ηL

r2
dL

dt
+ ρ[L

d2L

dt2
+ (

dL

dt
)2)] (3.5)

where η is the viscosity of the liquid, L is the length of the column of liquid in the capillary
at time t, ρ is the density of liquid, r is the radius of the capillary, ε is the coe�cient of
slip and

∑
P is the total pressure acting to force the liquid along the capillary. The overall

e�ective pressure
∑
P contains three di�erence pressures: the atmospheric pressure PA,

the hydrostatic pressure PH , and the capillary pressure PC . We normally consider PA as
a constant, PH = ρgL, and PC = 2γcos(θ)

r (as discussed in Eq. (3.4)). The second and
the third terms in the right side of Eq. (3.5) represent the viscous resistance and inertial
e�ects. Typically, the e�ect of hydrostatic pressure PH as well as the inertial e�ects and
viscous resistance are very weak and can be neglected (an excellent approximation at the
high pressures used) [108], [109]. Then, equation (3.5) reduces to

PA +
2γcos(θ)

r
=

8ηL

r2
dL

dt
. (3.6)
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Rearranging and integrating the equation, the �lling length is given by:

L =
1

2

√
(2rγcos(θ) + r2P )t

η
. (3.7)

where P is the external pressure. Using Eq. (3.7), the calculated pressure needed to �ll 10
cm long silica nano-channels within one hour is plotted versus channel diameter in Fig. 3.3
for molten glass, molten gold and water. The material parameters are given in table 3.1.
Low-melting-point compound glasses can be used if their softening temperatures are below
∼1200oC (the softening point of fused silica, which is the host material of the capillary). It
can be seen that channels of 10 cm long with diameters of ∼ 1 µm can be �lled within 1
hour at 300 bar.
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Figure 3.3: Minimum channel diameter that can be �lled within 1 hour to a 10 cm �lling length
as a function of pressure for three di�erent materials (calculated using Eq. (3.7)). The grey dashed
line indicates the maximum pressure available with the current experimental system.

Figure 3.4 shows the minimum pressure required to overcome surface tension (so as to be
able to �ll a capillary with molten gold) as a function of capillary diameter. In our setup,
the maximum available pressure is ∼ 300 bar, yielding a minimum �llable capillary diameter
(critical diameter) of 27 nm.

Dynamic viscosity η (Pa· s) Surface tension γ (N/m) Contact angle θ (degree)

Glass 1 0.3 60
Gold 5.13 ×10−3 0.75 122.5
Water 1.003 ×10−3 0.07215 39

Table 3.1: Material parameters for glass, gold and water. (The values for glass do not correspond to
a particular glass composition, it rather represents typical values for the pressure-assisted melt-�lling
of glass.
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Figure 3.4: Minimum pressure required to overcome surface tension (so as to be able to �ll a
capillary with molten gold) as a function of capillary diameter. The material parameters are given
in table 3.1.

3.3 High temperature pressure cell �lling

3.3.1 Post-processing of PCF

To lower the optical attenuation resulting from the inherent absorption of metal, we intro-
duce only a limited number of gold wires into a PCF. Thus, before a hole in a PCF is selected
to be �lled, post-processing of the PCF is required. Taking use the holey structure of the
PCF, we can selectively open and close air holes by applying appropriate internal pressure
and heating with a �ame to the softening point of the glass. This post-processing technique
provides an extra degree of freedom to change the optical properties of the �ber such as
dispersion and allows us to �ll selective holes in di�erent kinds of PCF structures [110�113].

3.3.1.1 Selectively hole in�ation

Figure 3.5 illustrates the post-processing setup. The two ends of a �ber are held in V-grooves
placed on high precision linear translation stages, which are well aligned with each other
to avoid �ber deformation and instabilities during the post-processing. To post-process the
�ber or the hole channels of a PCF, a small oxybutane �ame is swept back and forth along
the �ber. By using glue to block desired holes and pressurizing the unblocked holes during
heating, it is possible to produce a �ber section that consists of only a few open holes, only
a few collapsed holes, or even multiple cores [114]. This method is called selective hole
in�ation and is an important process for selectively �lling of metals into a PCF. The whole
process, which involves gluing, heating, and pressurization of the PCF, is shown in Fig. 3.6
and Fig. 3.7.
First, a drop of liquid polymer (UV photosensitive, Ormocore) is dropped on the end-

face of the empty PCF. Due to capillary force, the polymer glue is pulled into the holes of
the PCF by surface tension. The depth of the glue pulled depends on the viscosity of the
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swept back and forth

pressure in

pressure in

Figure 3.5: Schematic diagram of �ber post-processing setup. A �ame is swept back and forth
over a length of the �ber. Certain pressure is applied for hole in�ation.

glue and the hole diameter, but it is typically around few millimeters after �ve minutes of
dipping. Once the polymer glue penetrate into the holes, we use a focused Ti:sapphire laser
beam (at wavelength of 800 nm) to irradiate on selected holes. Since the polymer glue is
photosensitive to the IR laser beam through two-photo absorption, the glue is hardened in
a selected holes only (step 1 in Fig. 3.6). It should be noted that the hardened part is only
near the surface of the end-face as the polymer glue penetrates into the hole only over a
short distance.
We then suck polymer glue deeply into all the other holes with a vacuum pump. This

process depends on the size of the holes and the viscosity of the glue and normally takes
around 20 minutes (step 2). After that, the whole section of the PCF is exposed to unfocused
UV radiation so that all the glue inside the PCF is hardened (step 3 of Fig. 3.6). Finally,
we cleave the �ber by 1-2 cm from the endface. The selected holes on the end-face of the
cleaved �ber are open, while all the others are �lled with hardened polymer glue (bottom
image of Fig. 3.6).
After blocking the selected holes by polymer glue, we in�ate the selected holes by heating

and pressurization, as shown in Fig. 3.7. The applied pressure is around 6-10 bar for a hole
diameter of 1-2 µm, which of course, depends on the PCF structure. After the hole in�ation
processes, a PCF section with selected hole channels open at the endface is made.
The selective hole in�ation technique can create single or multiple hollow channels for

metal �lling. Moreover, it is useful for changing the optical properties and the mode shape
of the PCF [114]. Examples of selectively hole in�ation of the endlessly single mode (ESM)
PCFs are shown in Fig. 3.8.
In the case of a PM-PCF, we can make use of the asymmetric hole structure of the �ber

to simplify the process. For instance, to in�ate the two enlarged holes or the two diminished
holes of the �ber, we can simply heat up the PCF to a certain temperature. As shown in
Fig. 3.9, because of the mismatch of the hole diameters and the di�erence in the surface
tension, holes of di�erent sizes shrink at di�erent rates. Thus, we can obtain an end-face
with two open holes in an easier way.
It should be noted that several post-processing approaches have been suggested recently to
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Figure 3.6: Illustration of the processes to produce a PCF section that consists of only a single
open hole. (1) Photosensitive polymer glue is dropped on the end-face of the �ber and penetrates
into the �ber for a few millimeters. The desired hole is then harden by focused Ti:sapphire laser
through two-photons absorption. (2) Polymer glue is sucked into the other holes (except the harden
one) for a few centimeters by vacuum sucking. (3) The �ber is exposed to UV irradiation so that
all the glue inside the PCF is harden. (4) Finally, the �ber is cleaved about 1 cm from the end-face
and only single open hole is opened.
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selectively block or open the hollow channels in PCFs for materials �lling (liquid, polymer,
metal, etc.) [115�120]. Among them, the Ti:Sa-laser assisted polymer gluing show the
highest �exibility to selectively open or in�ate the air holes with diameter down to 500 nm.

pressure in

flame
flame

sealed
end

Figure 3.7: Hole in�ation by heating and pressurization.

Figure 3.8: Illustration of di�erent PCF structures after selective hole in�ation treatment.
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Figure 3.9: (Top) PM-PCF with two enlarged holes obtained by heating alone. (Bottom) PM-PCF
with two selected holes produced with simpli�ed processes.

3.3.2 High temperature pressure �lling

Figure 3.10: High temperature pressure setup for metal �lling. Gold is placed at the bottom of
the pressure cell and heated up to its melting temperature. The PCF is inserted into the molten
gold, which is then pumped into the holes of the PCF with high argon pressure. [77], [78]

As discussed in Section 3.2, high pressure is required to �ll the hollow channels in a PCF
with metal. The �rst technique which we developed is a high temperature pressure cell.
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When comparing with other deposition or in�ltration methods using organic precursors,
our technique has the advantage of the high purity of the material in the holes after the
�lling. The high pressure �lling setup is depicted in Fig. 3.10. A piece of gold (melting
point at 1064 oC) is placed at the bottom of the pressure cell and heated up by a furnace,
which can provide temperatures up to 1200 oC. Once the temperature is high enough to
melt the gold, the PCF is inserted into the molten gold. At the same time, argon gas with
a pressure up to 400 bar is applied to the cell and the molten gold is then pressed into the
holes of PCF. With this method, gold wires as long as 20 cm can be formed in the PCF (the
sample length is limited by the length of the furnace). Moreover, this technique allows us to
form metal nanowires with length-to-diameter ratios (aspect ratios) as high as 100,000 [77].
The smallest wires fabricated so far with this technique (within reasonable �lling times)
have diameters of 120 nm. It should be noted that gold gives better surface quality than
other metals (such as copper and silver), because it does not di�use into the silica glass.
Therefore, we focused on �lling gold in our experiments.

Figure 3.11: (a) Optical microscope image (side view) of the gold-�lled PM-PCF that consists of a
single hollow channel. Scanning electronic micrograph of two selectively �lled PM-PCFs with wire
diameter of (b) 600 nm and (c) 3570 nm.

Figure 3.11 shows the side view of a gold-�lled PCF that contains only one hollow channel
after post-processing. The hollow channel has a length of a few millimeters and is �lled
with gold. In the adjacent PCF section, the gold wire is invisible because the surrounding
air holes cause light scattering. However, the �lling was con�rmed either by successively
cutting down the �lled part or by electrical conductivity measurements. The electrical
measurements con�rmed that the wire was continuous along the entire �lled length.
The post-processing method and the pressure �lling technique allow us to �ll selected

holes in di�erent kinds of PCFs. As an example, two selected nanowires integrated into
PM-PCFs are shown in Fig. 3.11(b), where the wire diameters are 900 nm and 3570 nm.
The pressure �lling technique described here is not limited to metals. Any material with
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a melting temperature signi�cantly lower than the softening point of silica (1200 oC, when
the viscosity is 1011 Pa.s [121]) can be processed in this way, as long as there is no chemical
reaction with the fused silica. With this technique, semiconductor and chalcogenide glasses
have been successfully �lled in PCF for exciting the Mie-type resonances [122] and creating
photonic band gaps in PCF [123].

3.4 Direct drawing from �ber drawing tower

Figure 3.12: (a) Schematic of the gold-�lled �ber. The structure consists of a GeO2:SiO2 core, a
fused-silica cladding, and a parallel gold nanowire. (b) Sketch of �ber and cane drawing tower used
for directly drawing Au-�lled �ber.

As discussed in section 3.3, metallic nanowires can be fabricated by pumping molten metal
into the hollow channels of PCF. However, the �lling lengths are limited by the size of the
hot zone in the furnace, which in the current setup is 20 cm. Furthermore, fabrication
of smaller wires would require signi�cant modi�cation of the current pressure cell setup
(with too high pressure in high temperature environment, explosion of pressure cell may
happen). In addition, the realization of sophisticated structures, such as �lling only one or
few cladding's holes of the PCF, is time consuming since many post-processing steps are
involved.
In this section, we report an alternative approach based on direct �ber drawing of a

millimeter-sized fused-silica cane containing a micrometer-sized gold-�lled channel placed
adjacent to a conventional GeO2-doped step-index core (Fig. 3.12(a)). In contrast to
the Taylor-wire process, which has been used to draw randomly distributed microwires of
arbitrary lengths [124], [125], the use of a gold-�lled cane provides precise control over
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the fabrication parameters, allowing wires of prede�ned diameter to be placed at precise
locations in the glass �ber. It should be noted that directly drawing of gold wire is not
limited by this simple step index �ber structure. Gold wires which incorporate selectively
into PCF can also be directly drawn in a similar manner.
The fabrication procedure (shown in Fig. 3.13) involves preparation of a silica cane, �lling

the cane with gold and �ber drawing. First a 16 mol.% GeO2-doped silica rod (Heraeus)
with an outer diameter (OD) of 25 mm was drawn down to an OD of 2.5 mm (top part
of Fig. 3.12(b))1. Fused silica capillaries and rod were also drawn down to the same OD
(step A in Fig. 3.13). This rod was then stacked in a hexagonal arrangement containing
�ve fused-silica rods and one capillary with the standard stacking technique. The stack
was then placed inside a silica jacket tube and drawn down to cane, as shown in step B in
Fig. 3.13. By precisely controlling of drawing pressure and temperature, all hollow regions
were made to collapse except that of the capillary (hole diameter in the cane: 90 µm). In
the next step, the cane was �lled with gold by applying vacuum on one side of the cane
and sticking the other side into molten gold (step C). The relatively large hole diameter
provides that the minimum capillary pressure pmin needed to overcome the anti-wetting of
the gold is far below atmospheric pressure (pmin = 0.36 bar). A simple estimation shows
that the smallest hole in a silica matrix which can be �lled with gold using vacuum must
have a radius larger than 17 µm (the contact angle between liquid gold and silica is 122.5o).
Continuous, electrically conducting wires longer than 60 cm were produced routinely in the
canes. In the �nal stage of the process (step D), the gold-�lled cane was placed into a
silica jacket tube and drawn down to the �ber using �ber drawing (Fig. 3.12(b), bottom)).
By adjusting the preform feed-rate relative to the drawing speed, the OD of the �ber and
therefore the wire diameter could be controlled precisely with typical ODs ranging from 180
to 250 µm.

1The stack-and-draw technique and drawing tower system are similar to the techniques to fabricate
photonic crystal �ber. See Ref. [2, 3, 126] for more details on the fabrication methods.
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Figure 3.13: Techniques for directly drawing Au-�ber. (A) Fused silica rods, GeO2-doped silica
rod and silica capillary are drawn down to the same outer diameter. (B) The rods and capillary
are stacked in a hexagonal arrangement and placed inside a big silica jacket tube. (C) The stack is
drawn down to a cane which is then �lled with gold by applying vacuum on one side of the cane
and sticking the other side into molten gold. The hole diameter of the cane is 90 µm, which is large
enough so that the anti-capillary force is not dominated. (D) The �lled cane is drawn down to a
�ber using the �ber drawing tower.
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For an outer �ber diameter of 200 µm the resulting �bers have circular wires (diameter
∼ 4.0 µm), elliptical cores (major/minor axes are ∼ 2.9 and ∼ 2.5 µm), and a center-center
spacing of ∼ 4 µm (Fig. 3.14a). The precise internal geometry depends to some extent on
the drawing temperature and tension. Electrical conductivity shows that the wires in the
�nal �ber are continuous on the scale of several cm. Individual continuous pieces >5 cm
long can be found after careful inspection, with aspect ratios of ∼ 104. This is the case for
wire diameters down to about 1 µm. For smaller diameters, the wires show a few µm wide
cracks and with typical wire lengths of several tens of µm. For the optical experiments these
cracks proved to have no signi�cant e�ect on either the loss characteristics or the spectral
locations of the SPP resonances.

Figure 3.14: (a) SEM of a gold-�lled step index �ber polished using focused ion-beam milling. The
core and wire diameters are given in the text. (b) Smallest wire fabricated by direct �ber drawing
(diameter 260 nm) [104].

The keys to successfully draw the gold-�lled �ber are the drawing parameters. The best-
quality wires were obtained when the �ber spent as little time as possible in the furnace at
relatively low drawing temperatures of ∼ 1950oC. This was achieved at high drawing speeds
(up to 100 m/min) (our typical drawing speed for solid core PCF is ∼ 10-30 m/min). Lower
drawing temperatures and fast drawing speeds are also important for avoiding the formation
of gold-spheres and the di�usion of gold into the fused silica. An advantage of this technique
is that 100s of meters of gold-�lled �ber can be rapidly produced - massively longer than that
is required in an optical experiment. One drawing run can also yield samples with identical
geometries but scaled-up and scaled-down dimensions. The direct drawing method could
allow use of materials with very high melting temperatures (for instance iron), as long as
there is no chemical interaction with the silica.

To test the limits of the direct drawing technique, we also drew gold wires in silica
capillaries (i.e., without any GeO2 core). Fig. 3.14(b) shows the smallest wire fabricated
so far, with a diameter of 260 nm. These small gold wires are continuous over lengths of ∼
20 µm, separated by µm-sized gaps. We expect that further improvements to the drawing
process will allow production of longer and narrower wires.
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3.5 Splice-�ber pressure �lling technique

Figure 3.15: The spliced-�ber pressure-�lling technique. (a) A gold wire is inserted into a silica
capillary. (b) The wire is pushed into the capillary using a tungsten wire and the capillary end
cleaved o�. (c) Capillary with wire is spliced to a silica �ber with hollow channels. (d) The spliced
section is heated to the melting point of gold and high pressure argon gas is applied. (e) The �lled
structure [105].

In this section, we describe in detail an alternative and simple way for �lling metals into
PCFs or holey �bers based on spliced-�ber pressure-�lling. Straightforward to implement,
this allows selective �lling of individual channels with diameters as small as 90 nm.
A schematic of the spliced-�ber pressure-�lling technique is shown in Fig. 3.15. First a

silica capillary with outer and inner diameters of ∼ 200 µm and ∼ 80 µm was fabricated by
standard �ber drawing. A gold wire (diameter ∼ 50 µm, 2 cm long) was inserted into the
capillary (Fig. 3.15(a)) and pushed further in using a sti� tungsten wire. The end portion
of the capillary was cleaved o� to provide a fresh and clean endface (Fig. 3.15(b)). This
capillary end was then spliced to a silica PCF in a Vytran splicing machine (Fig. 3.15(c)).
Special care was taken to adjust the splicing parameters so that the splice was mechanically
strong while keeping the hollow channels open. For �bers with relatively small channel
diameters (d < 1 µm), it was sometimes necessary to in�ate the channel before splicing by
applying appropriate pressure above the softening temperature of silica [110]. In the �nal
step, the �ber was placed in a vertical furnace with the spliced section in the centre and
heated up to the melting temperature of gold (∼ 1064oC). Argon gas at a pressure of several
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hundred bar was then applied through the second end of the capillary, causing the molten
gold to �ow in (Fig. 3.15(d)). A prerequisite of this method is that, after melting, the
gold plug must completely �ll the hollow channels in PCF (Fig. 3.15(e)). This technique
is suitable for non-wetting materials with melting temperatures signi�cantly lower than the
softening temperature of silica (∼ 1400oC), such as Au, Ag, Ga and Ge. The splice-�lling
technique cannot be used with materials such as tellurite glass that strongly wet the silica
glass, because this leads to the formation of an annular �lm (with a central hollow bore) on
the inner channel surface.

capillary PCF

(a)

10 µm100 µm

capillary MSIF

(c)

100 µm

capillary
capillary

PCF

(b)

5 µm
100 µm

1 µm

core wire

Figure 3.16: Optical side-views of the splices (left-hand column) and SEMs of the cleaved end-faces
(right-hand column). (a) Solid-core PCF with all its channels �lled with Au. (b) PCF in which
only two channels are �lled with Au. (c) Modi�ed step index �ber with a parallel gold nanowire.

Figure 3.16 shows optical micrographs of several splices and SEMs of di�erent Au-�lled
�bers. First a solid-core PCF with cladding hole diameter 1 µm and pitch 3 µm was
completely �lled by applying a pressure of ∼ 50 bar (Fig. 3.16(a)). Selective �lling was
achieved by splicing an intermediate capillary between the PCF and gold capillary (Fig.
3.16(b)). This additional capillary had a eccentric channel (diameter 3 µm, center o�set
6 µm) and acted as a mask, allowing selective channel �lling. An example of what can
be achieved with this masking technique is given in Fig. 3.16(b) right, where two holes
in the second and third cladding rings were �lled with Au. The second type of �ber used
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for the optical experiments was a modi�ed step index �ber (MSIF) consisting of a 510 nm
hollow channel running parallel to a Ge-doped silica core (core diameter ∼ 1100 nm, dopant
concentration 20 mol.% ) with a centre-centre spacing of 3.5 µm. The hollow channel was
in�ated before splicing and then �lled with gold by applying ∼ 100 bar of Ar pressure at
1100oC (Fig. 3.16(c)).
To investigate the structural properties of the nanowires, several �ber capillaries with

di�erent IDs (120 nm, 400 nm, 500 nm, 700 nm, 900 nm, 1.2 µm, 1.5 µm, 2 µm) were
�lled with gold at 1150oC in a vertical tube furnace with a uniform hot-zone of length ∼ 10
cm. For capillaries with IDs larger than 1.2 µm, continuous wires several cm in length were
obtained (con�rmed by electrical conductivity measurements). For smaller IDs, however,
the wires showed nm long breaks at ∼ 100 µm intervals. For example, the longest continuous
wire at an ID of 500 nm was 122 µm. The continuous length of the nanowire can be further
increased by suitable post-processing (e.g. scanning with CO2-laser).
As discussed in section 3.2, the �lling dynamics are dominated by the capillary e�ect.

According to Eq. (3.7), our current set-up with maximum available pressure of 300 bar yields
a minimum �llable capillary diameter of 27 nm. Using this spliced-�ber �lling method, the
smallest channel diameter so far �lled with gold is 120 nm (�lling length 3 cm after 20
min); SEM of the resulting structure is shown in Fig. 3.17(a) (the endface is polished using
focused ion-beam (FIB) milling). It should be noted that this smallest wire had a original
wire diameter of ∼90nm. After the FIB milling the wire appeared to be slightly bigger. In
addition, we believe that a nanowire with diameter <50 nm would be possible to fabricate
with special care.

Figure 3.17: (a) SEM image of the smallest gold nanowire fabricated so far with the splice-�lling
technique (diameter 120 nm) (the end face is polished using focused ion-beam milling). (b) Sketch
of the integration of Au-PCF with conventional single mode �ber for device application.
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Compared to the pressure-cell �lling technique discussed in section 3.3, the splice-�lling
technique is more �exible and safe, requiring only small quantities of material and being
easier to adapt for selective channel �lling. Similar to the direct �ber drawing approach
(section 3.4), the splicing approach allows fabrication of very small metallic wires (120 nm).
It is especially useful for creating large arrays of wires - di�cult to realize using �ber drawing
since instabilities can occur when a large fraction of metal exists in the cane and leading
to structural irregularities. Furthermore, this technique allows fabricating gold-�lled �ber
with nanowire in the middle of the �ber. This can be achieved by two-step �lling: First,
the gold is �lled in the front part of the �ber as described in Fig. 3.15. Then the �lled-�ber
is spliced with an empty capillary, and is subsequently pressurized and heated up with the
same technique. The molten gold is then able to pushed into the middle part of the �ber.
The resulting Au-�ber can be spliced on both sides with standard single mode �bers without
inducing extra losses while preserving the visibility of the SPP resonance (Fig. 3.17(b)).
This structure may be useful for developing in-�ber devices and optical sensing devices. In
addition, it provides a platform for the integration of plasmonic e�ect into optical �ber.

3.6 Collections of Au-�lled PCFs

With the �lling techniques mentioned above, di�erent kind of gold-�lled PCFs are fabricated,
allowing us to explore various plasmonic e�ects. Several gold-�lled samples in di�erent PCFs
are shown in the SEM images in Fig. 3.18: (a) completely and selectively �lled endlessly
single mode PCF (discussed in Chapter 5, 6, and 7), (b) single hole �lled next to the
core of PM-PCF (discussed in Chapter 5) , (c) gold �lled modi�ed step index �ber and
hollow core Kagome PCF (discussed in Chapter 4). All these Au-�lled PCFs show distinct
plasmonic resonances (except Au-�lled hollow core PCF). Depending on the need of the
optical experiments (such as coupling and propagation length), di�erent kind of Au-�bers
are used for various investigations and will be discussed in the following chapters.
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Figure 3.18: Examples of di�erent gold-�lled PCFs.
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Chapter 4
Plasmonic excitation of
gold-nanowires in step index �bers

4.1 Introduction

In this chapter, we investigate the plasmon excitation and scattering properties of a conven-
tional single-mode step-index �ber with a parallel gold nanowire running next to the core.
Optical transmission spectra show dips at particular resonance wavelengths where guided
surface plasmon modes on the nanowire phase match to the glass core mode. By monitor-
ing the side-scattered light at narrow breaks in the nanowire, the loss of one of the hybrid
modes could be estimated. Values as low as 0.7 dB/mm were measured at resonance, corre-
sponding to those of a long-range eigenmode of the glass-core/nanowire system. By thermal
treatment the hollow channel could be collapsed controllably, permitting creation of a con-
ical gold nanowire. This kind of asymmetric directional coupler geometry allows precise
control on the coupling conditions by varying the core-nanowire spacing. The nanowire-
integrated modi�ed step index �ber (MSIF) represents a merging of the �elds of plasmonics
and �ber optics and may �nd applications in various �elds such as photonic-plasmonic in-
tegration, nonlinear plasmonics, near-�eld scanning optical microscope tips, optical sensing
and telecommunications. The author of this thesis was involved in designing, fabricating
and �lling of the modi�ed step index �ber, in the transmission and scattering measurements
and the FEM simulations. The �ber fabrication, and the analysis and interpretation of the
results were done together with the coworkers from MPL. The author contributed to the
journal publication of Ref. [105].
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IN STEP INDEX FIBERS

4.2 Measurement setups

4.2.1 Transmission measurement

Figure 4.1: Optical setup to measure the core-mode transmission of gold-�lled �bers. Inset: en-
larged schematic of the �ber holder and gold-�lled sample. The orientation of the Au-�ber was
adjusted to provide polarization-sensitive measurements.

We investigated the optical properties of the gold-�lled MSIF using a transmission setup
as shown in Fig. 4.1. Supercontinuum light (20 m of endless single-mode PCF pumped
by a neodymium doped yttrium aluminum garnet microchip laser (wavelength 1064 nm,
pulse energy 7µJ, pulse duration < 1 ns) was launched into the sample, taking care to
match the numerical aperture and spot size to that of the fundamental core mode. The
output spectrum was recorded using an optical spectrum analyzer (OSA). A polarizer and
half-wave plate were inserted between the light source and the sample, providing a de�ned
polarization state. At the output, an iris diaphragm was inserted into the beam path to
remove undesired light from cladding modes. The orientation of the �ber was carefully
adjusted, allowing precise setting of the input polarization state (inset of Fig. 4.1).

4.2.2 Scattering measurement

The spectrum scattered light was measured by scanning a multimode �ber along the �lled
MSIF and delivering the collected light to an spectrometer as shown in Fig. 4.2. To enhance
the signal, a droplet of index matching �uid was placed between the multimode �ber and
the Au-�lled MSIF. To investigate the polarization of the scattered light, a linear polarizer
was inserted between the �ber and the microscope.
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Figure 4.2: Schematic of the light scattering from a discontinuous gold nanowire located in a MSIF.
The scattered light is measured by scanning a multimode �ber along the �lled MSIF and collecting
the light with an Ocean Optics spectrometer.

4.3 Optical properties of Au-�lled step index �ber

In this section, we investigate the optical properties of gold-�lled microstructured �bers (Fig.
4.3(a)). The �ber used is a MSIF1 consisting of a 510 nm hollow channel running parallel
to a Ge-doped silica core (core diameter ∼1100 nm, dopant concentration 20 mol.%) with
a centre-centre spacing (pitch) of 3.5 µm. The �ber is �lled with the spliced-�ber pressure
�lling technique described in section 3.5. The hollow channel was in�ated before splicing
and then �lled with gold by applying ∼ 100 bar of Ar pressure at 1100oC. The SEM of the
structure is shown in Fig. 4.3(b). The entire sample had �lled and un�lled sections with
lengths of 10 cm and 50 cm.
As mentioned in the previous section, with this small wire diameter, several micrometer-

sized cracks appear reducing the continuous lengths of the nanowires to ∼ 20-150 µm.
Interestingly, when broadband (450 to 1700 nm) white light was launched into the glass
core, bright red-coloured scattering points appeared at the end of each continuous nanowire
section (Fig. 4.3(c), light launched from right). The brightness of these spots was almost
independent of launched polarization state. It can be seen that multiple scattering points
appear in the entire gold-�lled part (Fig. 4.3(d)).
The measured transmission for y-polarization of the �lled �ber is shown in Fig. 4.4(a)

(polarization axes are shown in Fig. 4.3(b)). A clear resonance dip in the transmission was
observed at around 700 nm, which was caused by coupling of the core mode to speci�c SPP
modes on the wire. The phase matching condition and coupling dynamic is discussed in the

1Other than metallic nanowire �lling, materials such as highly nonlinear liquid, magnetic �uid,
semiconductor and highly nonlinear glasses were also able to be integrated in this structure for
optical investigation via evanescence coupling. A new kind of sensitivity opto-�uid �ber sensor
was developed using this kind of modi�ed step index �ber by �lling liquid into the hollow channel
Ref. [127].
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Figure 4.3: (a) Schematic of the gold �lled modi�ed step index �ber. The structure consists
of a GeO2:SiO2 core, pure silica cladding, and a closely spaced gold wire. (b) Scanning-electron
micrograph (SEM) of a focused-ion-beam (FIB) polished cross section. The core and wire diameters
are given in the text. Microscope side image (in re�ection) of a representative section of the gold
wire (diameter 510 nm). (c) No light in the glass core, side illumination. (d) Scattering pattern
when white light is launched into the glass core from the right (no side illumination). The dashed
yellow lines are guides to the eye, indicating that the red dots occur at the nanowire ends. (e)
Zoomed-out microscope image showing multiple scattering dots from the nanowire breaks.

following section.

On the other hand, the scattering light is collected with the scattering setup. Figure 4.4(c)
shows the scattering spectra (1.5 mm intervals) along the �ber. A clear peak is observed at
∼ 700 nm at the starting point of the nanowire section (z = 0). Over the wavelength band
investigated the scattered intensity dropped exponentially along the MSIF, the strongest
decay rate being observed at 700 nm which was due to the strong coupling at the SPP
wavelength, and thus scattered out strongly. Fitting the data at each wavelength to an
exponential function resulted in the attenuation spectrum represented by the curve in Fig.
4.4(d). The 7 dB/cm centre-band attenuation is remarkably low for a plasmonic device. The
attenuation rate can also be adjusted by varying the geometry of the core and nanowire
channel. The scattered light was strongest when the polarizer was oriented perpendicular
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Figure 4.4: (a) Measured transmission spectrum of the gold-�lled microstructure �ber. (b) Polar
plot of the polarization dependence of the side scattered light. The angle refers to the orientation
of the polarizer axis and the purple line indicates the direction of the wire axis. (c) Measured
side-scattering spectra of the Au-�lled MSIF at di�erent positions along the �ber axis. The spacing
between successive measurements is 1.5 mm. (d) Corresponding loss spectrum of the coupled mode
calculated from the scattering measurements. The yellow section indicates the mode coupling area
(equal to the yellow section in Fig. 4.5 (a) and (b)).

to the nanowire and lowest when the polarizer was parallel to it (Fig. 4.4(b)).

4.4 Coupling characteristics

4.4.1 Phase matching condition

The origin of the red scattering points and of the polarization dependence of the scattered
light can be explained by the scattering of a speci�c hybrid plasmonic supermode at each
end of each wire. As discussed, the guided core mode couples to the surface plasmon mode
on the wire when they are phase matched. To interpret the experimental results, the real
part of the phase index of SP modes on a single isolated Au wire embedded in silica (orders
m=2) was calculated analytically using Eq. (2.72). In this calculation, a small air gap was
introduced between the wire and the glass. It was expected because the gold has a much
larger coe�cient of thermal expansion (15×10−6 K−1) than silica (0.5×10−6 K−1). For the
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Figure 4.5: (a) Analytically calculated dispersion of the LP01 of an isolated glass core mode (purple)
and the m=2 and m=3 guided SPP modes (green) on an isolated 510 nm wide gold wire. The
yellow-shaded region indicates the position of the experimental loss peak. Inset: schematic of the
gold-�lled MSIF and de�nition of the coordinate axes. Dark grey: dielectric core, orange: plasmonic
waveguide, white: air-gap. (b) Attenuation spectrum (black curve) determined experimentally from
the side-scattering measurements (y-polarization launched into �ber). The other two curves refer to
the attenuation of the dielectric-like mode (blue: coupled-mode theory (CMT); red: FE-simulations
for y-polarization). Inset: Calculated attenuation (CMT) of the two hybrid supermodes plotted
against wavelength (brown: plasmon-like mode; blue: dielectric-like mode). The dashed black
line indicates the resonance (693.97 nm). The two right-hand images show FE modelling of the
axial Poynting vector distributions at resonance (701.5 nm) for (c) the dielectric-like and (d) the
plasmon-like modes. The Poynting vector (Sz) has been normalized to the maximum value (SNz )
and is plotted in common logarithmic scale. The colour scale refers to log(SNz ). The wire is on the
right-hand side in both (c) and (d).

parameters in the experiment we estimate this gap to be 3.5 nm wide, and in the calculations
we assume this to be constant around the circumference of the wire. The e�ective index
of the guided core mode of the step index �ber is calculated by the standard analytical
solution [128]. The dispersion of the gold and silica was taken from [92] and [129]. The
results are plotted against wavelength in Fig. 4.5(a). It is clear from the �gure that the
crossing points between the dispersion curves of single guided SPP modes (m=2) and the
curve for the step-index core (purple line in Fig. 4.5(a)) coincide very well with the positions
of the loss peaks which we measured from the scattering light (black curve in Fig. 4.5(b),
same as Fig. 4.4(d)), con�rming the excitation of guided SPP modes.
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4.4.2 Coupled mode analysis

As discussed in Section 2.6, the coupling in a Au-MSIF system can be regarded as a di-
rectional coupler where the Ge-doped core acts as a dielectric waveguide and the gold wire
as a waveguide for the SPP modes. Thus a coupled mode system can be analyzed using
coupled mode theory (CMT) by setting up the coupled di�erential equations and taking
into account the attenuation of the plasmon and the dispersions of dielectric core mode
and SPP mode wire [130]. Recall Eq. (2.77), the coupled system of dielectric core mode
(C) and guided SPP mode (P) reveals two eigenmodes with propagation constants given
approximately by [128]:

β± = βC +
θ + iα± i

√
(−iθ + α)2 − 4κ2

2
(4.1)

where κ the coupling constant, α the amplitude attenuation rate of the guided SPP mode
(α/κ > 1 in this case) and θ = (βP − βC) is the inter-guide dephasing rate. The modal
wavevectors of the uncoupled nanowire and the glass core (both dispersive) are βP and βC .
As a result the supermodes are highly asymmetrical, one "plasmon-like" eigenmode having
extremely high loss (+ sign) (�elds being concentrated on the nanowire) and the other
"dielectric-like" mode (�eld mainly in the core) has very low loss (- sign). When light guided
in the glass core reaches the point where the nanowire starts, boundary conditions dictate
that the dielectric-like mode will dominate, the high loss mode being more weakly excited
and in any case being rapidly absorbed in the wire. When the surviving low-loss mode
reaches a break in the nanowire, light is strongly scattered, the strength of the scattered
signal being determined by the proportion of optical power travelling on the nanowire, which
in turn depends on the balance between loss and coupling.
For a more quantitative understanding, �nite-element (FE) simulations were carried out2.

The attenuation of the dielectric-like mode from the FE simulation is illustrated in Fig.
4.5(b) (red curve). The FE modelling results show that the dielectric-like mode has a strong
attenuation peak at 700 nm, in excellent agreement with the experiments. After �tting the
coupled mode expressions (coupling constant) in Eq.(4.1) to the data, making use of the
exact dispersion of the isolated core and guided SPP modes (Fig. 4.5(a)) and adjusting the
coupling constant so that the calculated peak attenuation matches the experimental value
(this yields κ = 1.8 mm−1), the blue curve in Fig. 4.5(b) is obtained. The attenuation of
the plasmon-like mode turns out to be 340 dB/mm, it is ∼ 500 times higher when compared
to 0.695 dB/mm for the dielectric-like mode.
The Poynting vector distributions of the dielectric- and plasmon-like modes, calculated

at the resonance wavelength using the FE code, are shown in Fig. 4.5 (c) & (d). It can
be seen clearly that the plasmon-like mode has a large portion of its �eld in the wire (Fig.
4.5(d)), while the low-loss mode reveals most of its �eld in the dielectric core (Fig. 4.5(c)).
The simulation shows that the plasmon-like mode has 0.96 % of its power on the wire,
whereas the dielectric-like mode has only 0.0026%. Since α/κ ∼ 43 � 1 the attenuation
of the plasmon-like mode at resonance is almost identical to that of the guided SPP on

2A mesh size of less than 2 nm was used inside the metal adjacent to the interface so as to accurately
resolve the evanescent �elds.
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the isolated wire (340.5 dB/mm compared to 341.2 dB/mm) - inset of Fig. 4.5(b) (the
attenuation of a surface plasmon at a planar interface is ∼ 1000 dB/cm at 700 nm [131]).
The dielectric-like mode, in contrast, has an on-resonance attenuation of only 0.7 dB/mm,
which is remarkably low for a plasmonic device and can be adjusted over a wide range by
changing the core-wire spacing. The measured on-resonance loss value is comparable to
that of recently reported devices (e.g., 1 dB/cm at 1.31 µm [132]). These kinds of Au-MSIF
provide the �exibility to design the resonance wavelength of SPP resonance by adjusting
the gold-wire diameter. Furthermore, the geometry allows gentle energy transfer on to the
wire by designing the separation between the core and the nanowire.

4.5 Conically and uniformly tapered nanowire

As demonstrated in section 3.3.1, the �ber post-processing techniques allow to tailor the
�ber's microstructure. Taking use of these techniques, we fabricated a conically and uni-
formly tapered nanowire in a MSIF. In the �rst experiment, the modi�ed step index �ber
had an initial wire diameter of ∼ 740 nm, a core diameter of 1.1 µm, and a center-center
spacing of 3.5 µm. Post-processing was used to taper the hollow channel while keeping the
diameter of the glass core constant. The tapered channel was then �lled with gold (Fig.
4.6(a)). The side-scattering measurement was performed in the same way as in the previ-
ous section. As shown in the results in Fig. 4.6(b), the conical hole diameter causes the
resonant wavelength to vary along the structure, as a result the side-scattered peak shifts
toward longer wavelength for ∼ 100 nm over a distance of ∼ 3.5 mm.

Using the scattering data the local diameter of the nanowire could be calculated by match-
ing the wavelength of the measured peak to the data from a series of previous experiments
(inset of Fig. 4.6(c)) which showed that a 1 nm change in wire diameter causes a 0.44
nm shift in the resonance wavelength. The resulting diameter pro�le of the conical wire is
plotted in Fig. 4.6(c). The wire was found to be tapered down to ∼ 300 nm in diameter. It
should be mentioned that the sharpness of the conical wire can be altered adiabatically by
the scanning speed of the tapering �ame. Furthermore, using local heating (e.g. CO2 laser
heating), one would produce a sharp nanowire or diameter modulation (grating) in tens of
micrometer scale, which may be favorable for further �eld enhancement or nanofocusing
of SPP [133, 134]. Moreover, these tapered wires allow us to selectively excite SPP and to
design the coupling strength of SPP device for nanoscale integration [135�137].

In another experiment, we tapered a small section (∼ 3 cm) of the hollow channel with a
uniform thermal treatment and then �lled with gold (schematic shown in Fig. 4.6(d)). In
the untapered �lled �ber, a clear plasmon resonance can be observed at ∼ 820 nm. For the
�ber with an uniformly tapered region, we found that an additional plasmonic resonance dip
appeared at ∼ 650 nm. This further highlights that multi-resonances can be easily achieved
by modulating the wire diameter along the �ber, which is particular important for designing
in-�ber wavelength selectively �lter and plasmon-based �ber sensing with multi-resonances.
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Figure 4.6: (a) Sketch of the conical coupler. (b) Side-scattering spectra for the conical wire,
measured at di�erent spatial positions. (c) Conical wire pro�le calculated from the side-scattering
spectrum. Inset: experimentally determined relationship between wire diameter and resonance
wavelength. (d) Sketch of the uniformly tapered nanowire. Measured transmission spectrum of the
Au-MSIF with (e) untapered nanowire and (f) uniformly tapered nanowire.

4.6 Plasmonic wire directly drawn in step index �ber

In section 3.4, we reported that plasmonic wire with long continuous length can be fabricated
in a step index �ber directly from �ber drawing. The key advantage is that large sample
output (several 100m) can be obtained in one drawing.
In this section, we investigate the optical properties of the directly drawn Au-MSIF. The

metallic wire in this case has a relatively large diameter of 4 µm, which allows excitation
of higher-order plasmon mode in a visible. By careful examination of the �ber, one can
easily �nd continuous pieces of a length > 50 cm, revealing aspect ratios of about 105. The
wire and core are circular and elliptical, respectively (core dimensions: 2.9 µm and 2.5 µm,
wire diameter: 4.0 µm) and are spaced apart between 3.7 µm and 4.3 µm, depending on the
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drawing conditions (Fig. 3.14(a) in Section 3.4).
Transmission measurement of an un�lled sample shows that the �ber has a long-wavelength

cut-o� at ∼ 1400 nm due to micro-bending. For wavelengths shorter than 850 nm, the step-
index core is multimode. For the �ber with the gold wire, two distinct loss peaks are
observed at 902 and 1020 nm (Fig. 4.7(a)). At the center of the very strong 1020 nm loss
peak, the cut-back technique results in noisy curves, owing to the limited dynamic range of
the optical spectrum analyzer.
To compare our results to theory, we perform FE simulations (dielectric function of gold

and silica are from Ref [92] and Ref [129], respectively), assuming a perfectly circular wire
(diameter 4.0 µm) and an elliptical core (3.0 × 2.5 µm) spaced 4.0 µm apart (calculated
spectra are shown in the Fig. 4.7(b)). The spectral positions of the simulated peaks (903nm
and 1011nm) closely match those of the experiments. In x-polarization (horizontal polariza-
tion), the simulated loss is much higher than in the experiment. This can be explained by
the excitation of a higher-order mode which contributes to the overall transmission signal.
FE-simulations show that in x-polarization the glass core mode with the lowest loss is not
the fundamental mode; it is rather a mode with a node at its center. This higher-order low-
loss mode can signi�cantly contribute to the overall transmission signal, spuriously reducing
the loss in x-polarization. In y-polarization (vertical polarization), the mode with an HE11

�eld distribution in the glass core has the lowest loss and thus is the only relevant mode in
the measurements. Therefore, the magnitude of the simulated loss matches the experiment
quite well in that polarization state. Two more peaks appear in simulations which we could
not observe in the experiment. The emerging peak for λo >1150 nm (y-pol.) could not be
resolved due to the limited detection range of our spectrum analyzer and hence leads an in-
accurate loss �t; the peak at around 800 nm could not be measured, as shorter wavelengths
signi�cantly contribute from higher-order modes.
For the short wavelength peak (903 nm), the simulations in y-polarization show the

same full width half maximum (FWHM) peak width as in the experiment (4λ ∼20 nm).
This reveals that the wire diameters in the �ber are longitudinally almost constant, since
otherwise the experimental peak would be broadened signi�cantly compared to simulations.
We estimate the shift of the resonances by calculating the spectral locations of the crossing
between core and plasmonic dispersions when changing the wire's diameter, revealing that
a diameter change of 100 nm will cause an 8 nm shift in the position of the resonance peak,
which would be detectable in the experiment. We therefore conclude that longitudinal
�uctuations in wire diameter are in the range of ± 100 nm for this 4 µm wire, additionally
con�rmed by SEM measurements.
The peaks in the loss spectra are caused by phase-matched excitation of guided SPP

modes on the wire. As can be seen in Fig. 4.7(c), the crossing points between the dispersion
curves of isolated wire modes with the curve for the glass core mode (grey dots in Fig. 4.7(c))
coincide quite well with the positions of the loss peaks (indicated by the grey bars in Fig.
4.7), revealing the excitation of wire modes by light from the glass core. The peaks at 902
nm and 1020 nm can be attributed to the 4th and 5th order SPP resonances of the wire (axial
Poynting vector distributions are shown in the insets of Fig. 4.7(c)). To our knowledge,
this is a �rst metal �lled �ber structure which has been fabricated by direct �ber drawing
showing plasmonic resonances.
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Figure 4.7: (a) Measured attenuation spectra of light guided in the glass core of the gold-�lled step-
index �ber (black: y-polarized, red: x-polarized)(Fiber with a wire diameter of 4.0 µm, an elliptical
core (3.0 × 2.5 µm) and a pitch of 4.0 µm). (b) Corresponding FE-simulation of the investigated
step index �ber (parameters are given in the text. black: y-polarization, red: x-polarization). (c)
E�ective indices of guided SPP modes on isolated gold wires embedded in fused silica. The numbers
refer to the mode order. The black line shows the dispersion of the fundamental mode in the absence
of the gold wire. The shaded vertical bars indicate the positions of the peaks in the loss spectra and
the points where the refractive indices of the guided SPP modes and the glass core mode coincide.
The insets show the axial Poynting vector distributions of the guided SPP modes at these crossing
points (4th order mode, λo = 1020 nm; 5th order mode, λo = 898 nm).
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4.7 Summary

We have investigated the optical properties of a conventional single-mode step-index �ber
with a parallel gold nanowire (modi�ed step index �ber). Guided SPP waves are excited
at speci�c resonant wavelengths where the glass core mode is phase-matched to one of
the guided SPP modes. We found that the breaks in the nanowires act as antennas (for
wire diameter <1 µm), causing strong scattering of resonant light out of the �ber. The
absence of scattering along continuous nanowire sections (aspect ratios of 50:1) indicates
that the nanowires are of excellent quality with low surface roughness. By monitoring
the side-scattered light, we estimated the loss of the coupled mode. Coupled mode theory
was used to model the behaviour of the glass-core/nanowire system, showing that two
eigenmodes exist: one plasmon-like mode with very high attenuation and a dielectric-like
mode with attenuation as low as 7 dB/cm at resonance. The directional coupler geometry
allows gentle energy transfer to the wire at a rate that can be adjusted precisely by varying
the core-nanowire spacing. By thermal treatment the hollow channel could be collapsed
controllably, permitting creation of a conical gold nanowire. We have also studied the
optical characteristics of a gold-�lled step index �ber which was directly drawn from �ber
drawing. Higher-order plasmonic modes are excited for the relatively large wire diameter
(d = 4 µm).
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Chapter 5
Single plasmonic wire in PCF

5.1 Introduction

In this chapter, surface plasmon coupling in photonic crystal �bers with selective holes �lled
with gold nanowires are discussed. We study the polarization dependent transmission, near
�eld images of the plasmonic mode and the loss of a gold-�lled polarization maintaining
photonic crystal �ber (PM-PCF). In addition, we investigate the dependence of plasmon
coupling on the nanowire diameter and the position for such Au-�lled PCFs. By selectively
integrating nanowires into di�erent cladding holes of endlessly single mode PCF, surface
plasmon-polariton (SPP) excitation with adjustable coupling strength have been achieved.
A strong SPP resonance dip (> 30 dB) with short sample length (4 mm) are achieved
when the nanowire are in�ltrated in the �rst cladding ring. These gold-�lled PCFs provide
�exibility and a new platform for studying SPP excitation. They can be used for forming
in-�ber wavelength-dependent �lters and polarizers, and near-�eld tips for subwavelength-
scale imaging. In this chapter, the author of this thesis involved in selectively metal �lling of
PCFs, in the transmission measurements, in the near-�eld imaging and the FEM modelling.
The �ber fabrication, and the analysis and interpretation of the results were done together
with the coworkers from MPL. The results presented in this chapter are reported in Ref. [77].

67



CHAPTER 5. SINGLE PLASMONIC WIRE IN PCF

5.2 Optical properties of nanowire in PM-PCF

In this section, the optical properties of three di�erent single-hole gold-�lled PM-PCFs 1 are
investigated. These gold-�lled �bers produce strong, distinct and polarization-dependent
SPP related transmission dips. Because only a single gold-wire is introduced in these PCF
structures, the transmission loss of the �ber is relatively low, allowing us to e�ciently study
the optical properties of the metallic PCF [77], [78]. These three PCFs have gold-wire di-
ameters of 900 nm, 600 nm, and 3.57 µm, respectively, as shown in Fig. 5.1(a)-(c). For
convenience we denote them as PCF900, PCF600 and PCF3570.

Figure 5.1: Scanning electron micrographs (SEM) of the gold-�lled birefringent PCFs studied. The
approximately rectangular cores contain two elliptical/circular holes with approximate dimensions
(a) 0.85 x 1.23 µm, (b) 0.6 x 0.7 µm, and (c) 3.57 x 3.57 µm. In each case, one of these holes is
�lled with gold. The resulting samples are denoted by PCF900, PCF600 and PCF3570.

1This kind of solid-core PM-PCF consists of two special holes, which distinguish from all other holes
and reduce the six-fold symmetry to a two-fold one. The presence of two small holes adjacent
to the core introduces birefringence in the �ber, leading a phase index di�erence between x- and
y-polarization states.
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5.2.1 Transmission spectra

The �rst sample being measured is a single hole gold-�lled PM-PCF with 900 nm gold-wire
introduced in the structure (PCF900)(Fig. 5.1(a)). The diameter of the cladding holes of
the �ber is 4.0 µm and the hole pitch is 4.2 µm. The two small holes are non-circular and
have approximate dimensions of 0.85 x 1.23 µm. The approximately rectangular core has
dimensions of 1.1 µm and 3.57 µm in the vertical and horizontal directions.
The measured transmission spectra for y-polarization (perpendicular to the long axis of

the rectangular core) for 6 mm and 24.5 mm lengths of PCF900 are shown in Fig. 5.2. Three
clear dips in transmission are observed at 620, 690 and 890 nm, caused by coupling of the
core mode to speci�c SPP modes on the wire. Since each length was made from a di�erent
sample of PCF900, with marginally di�erent hole sizes, the dips appear at slightly di�erent
wavelengths.

Figure 5.2: (a) Measured transmission spectrum in y-polarization of a 6 mm (blue) and 24.5 mm
(orange) length of PCF900 (Fig. 5.1(a)). (b) Calculated dispersion of the relevant modes. The black
solid line is the core mode index of the un�lled PM-PCF, and the colored lines represent the modes
(m = 2-5), of an isolated wire embedded in silica. The dashed vertical lines denote the crossing
points of the core mode and third and fourth SP modes on the wire. The images on the right are
optical near-�eld images at 546 nm (point A) and 907 nm (point B), superimposed on to an SEM
of the structure.

The electromagnetic behavior was modelled using FE. For simplicity all the holes were
assumed to be perfectly circular, and the complex frequency-dependent dielectric function
of gold was included [92], together with the standard Sellmeier expansion for silica [129].
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To help interpret the experimental results, the real part of the phase index of SP modes on
a single isolated Au wire embedded in silica (orders m = 2 to 5) was calculated analytically
as discussed in section 2.5 . The results are plotted against wavelength in Fig. 5.2(b).

Comparing theory with experiment, it can be seen that the dips in the experimental
transmission spectrum (Fig. 5.2(a)) correspond to anti-crossings between the core mode
and successive SP modes (orders 3 to 4) on the wire, the experimental dips being shifted
slightly to shorter wavelength (the m = 5 dip was too weak to be seen in the measurement).
This shift can be explained by the presence of narrow air gaps between the wire and the
glass, caused by more rapid thermal shrinkage of the metal [76], although non-circularity
in the wire cross-section may also play a role. The m = 2 dip does not, however, match
well to the modeling, there being no apparent anti-crossing at 890 nm. We believe this
to be caused by a greater SP modal area at longer wavelengths, which causes the SPP
mode increasingly to "feel" the e�ects of the surrounding air-holes (not included in the
analytical model for a wire embedded in silica), lowering its e�ective index and shifting the
predicted anti-crossing point to shorter wavelength. The orange curve in Fig. 5.2(b) shows
the transmission spectrum of a 24.5 mm long PCF900 for the vertical polarization. A dip as
strong as ∼ 45 dB, which corresponds to the 2nd order SPP resonance, was observed, which
is much larger than previously reported in devices of similar length, such as long-period
�ber gratings [138]. These results suggest that gold-�lled PCF could potentially be used as
an e�ective in-�ber �lter.

To gain further insight into the optical behavior, we imaged the near-�eld pattern at
the �ber output with a 60× objective lens and a CCD camera. Narrow bandpass �lters
with a bandwidth of ∼ 10 nm (much narrower than the SP resonances) were used to image
the near-�eld at several wavelengths. The near-�eld images for the 6 mm long PCF900 are
shown in Fig. 5.2(right), where the �ber structure (SEM image) is overlaided with the
near-�eld images to show the locations of the output light at di�erent wavelengths. For
wavelength at 546 nm, it is clear that the mode is con�ned to the dielectric core, with no
light being visible on the wire because of the weak coupling strength and the wavelength-
o�set between the �lter and SPP resonance. For a �lter wavelength of 907 nm, however,
almost all the light is concentrated on the wire, none remaining in the core. Since 907 nm
corresponds to the position of the m = 2 resonance (Fig. 5.2(b)), this near-�eld image
con�rms the excitation of a SPP mode, which travels along the wire, scattering strongly
when it reaches its protruding end. Interestingly, there is no light in the core in this case.
Calculations show that the distribution of power between core-mode and SP-mode depends
on the precise detuning from phase synchronism (which varies with wavelength), the loss
level in the wire and the interaction length. Situations can be found where the light is
entirely on the wire, is shared between core and wire, or is entirely in the core (such as for
546 nm in Figure 5.2(a)).

It should be noted that the transverse near-�eld patterns of quadrupolar plasmonic mode
in a nanowire array are directly measured using the scanning near-�eld imaging technique.
In addition, radial polarization of the individual SPPs are observed in a polarization-resolved
near-�eld measurement. More details on the near-�eld imaging of the propagating plasmonic
mode can be found in Ref. [139].
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5.2.2 Polarization properties

Next we explore and compare the polarization dependence of three �bers PCF600, PCF900,
and PCF3750 (Fig. 5.1). For the �ber PCF600 (top), the diameter of the cladding holes is 1.9
µm and the pitch is 2.3 µm. The two smaller holes have an approximate dimension of 0.6 x
0.7 µm and the rectangular core has dimensions of 1.4 µm and 3.33 µm in the vertical and
horizontal direction. The �ber PCF3750 (bottom), in contrast, has a cladding hole diameter
of 1.41 µm and a pitch of 2.89 µm, where the birefringence is created by the presence of two
big holes with diameters of 3.57 µm. For this �ber, the core has a dimension of 2.5 x 4.05
µm.
By carefully adjusting the orientation of the �ber sample and the input polarization state,

we were able to launch one of the two polarization states. The transmission spectra of the
two orthogonal polarized modes of PCF900, PCF3750, and PCF600 are shown in Fig. 5.3 (a),
(b), and (c), respectively, where the arrows indicate the polarization axes of the input light.

Figure 5.3: Measured transmission spectra for the two orthogonal-polarized modes of (a) a 6
mm long PCF900; (b) a 4 mm long PCF3570; (c) a 24 mm long PCF600; (d) simulated result for
PCF900; (e) simulated result for PCF3570; (f) simulated result for PCF600. The vertical dashed
lines highlight the resonance positions obtained from the simulation results and the shaded regions
denote the experimental bands.

The x -polarized transmission spectrum for a 6 mm length of PCF900 (red curve in Fig.
5.3(a)) was similar to that observed for y-polarization (blue curve), though up to 15 dB
weaker. The di�erence was greatest in the lower-loss windows between SP resonances,
which was not unexpected since the power absorbed at a metal surface was proportional to
the magnetic �eld component tangential to the surface [94]. The small-period ripples in the
x -polarized spectrum were caused by the unavoidable excitation of cladding modes, which
were more noticeable when the core signal was weak.
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For PCF3570, which has a �lled length of 4 mm, we also observed strong attenuation
bands in the transmission spectra, as shown in Fig. 5.3(b). As in the case of PCF900,
higher attenuation occurs in the x -polarization. Because of the high transmission loss,
the excitation of cladding modes became more signi�cant, causing stronger ripples in the
transmission spectra.
On the other hand, a 24 mm length of PCF600 showed only one SP resonance in the

spectral range 500-800 nm (Fig. 5.3(c)), and interestingly only an LP11-like core mode
could be excited (inset of Fig. 5.4). This we attributed to a lower �eld overlap with the
metal wire compared to the fundamental mode. For this �ber, the x -polarized mode had
a lower loss than the y-polarized mode, which was di�erent from the cases of PCF900 and
PCF3570. This again can be explained by the �eld distribution of the core mode. For the
LP11-like core mode, the di�erence of tangential magnetic �eld component of x - and y-
polarizations on the gold wire was no longer signi�cant. Thus, we did not observe a higher
loss in x -polarization: even slightly lower loss compared to the y-polarization was measured.
Finite element simulations of the three di�erent �bers (assuming perfect circular holes) were
also carried out and the results are shown in Fig. 5.3(d)-(f). For PCF900 (Fig. 5.3(d)),
three SPP dips appeared at 659.4 nm (inset), 728.4 nm, and 974.9 nm, with a consistent
shift of the SPP resonance to a longer wavelength. The shift, as explained already, was
due to the air gap around the gold wire. In general, the simulation results agreed with the
experimental results on the locations of the SPPs resonances and the polarization di�erence.
For PCF3570, the simulation results for the y-polarization showed four SPP resonance dips,
which agreed with the experimental values within 28 nm, as shown in Fig. 5.3(e). Because
of the high attenuation of the gold wire and the presence of a large number of cladding
modes in the calculation of the x -polarization, we had di�culty to trace the core mode and
produce reliable results for the x -polarization. The agreement between the simulation and
experimental results for PCF600 was also good, as shown in Fig. 5.3(f). The di�erence in
the calculated and measured resonance wavelengths was less than 30 nm. The simulation
results also showed that the x -polarization had a lower loss than the y-polarization.

5.2.3 Loss measurement

In addition, we measured the losses of PCF600 and PCF900 by the cut-back loss mea-
surements. For each sample, the transmission spectra at four di�erent �ber lengths were
measured while keeping the same launching condition. The results are shown in Fig. 5.4(a)
and (b). The losses were calculated by taking the di�erence between the spectra over the
whole spectral range. Figure 5.4(c) shows the loss spectra of PCF600 and PCF900. Both
curves show a minimum loss at ∼ 530 nm, which is due to the minimum in the imaginary
part of the dielectric constant of gold. It is noted that only the spectra of the y-polarization
of PCF900 and the x -polarization of PCF600 are shown in the �gure, as these polarizations
have the lowest losses. Moreover, it should be mentioned that for PCF900, the 2nd order
SPP resonance was strongly attenuated, and hence the transmitted intensity was too low to
be measured properly. The overall experimental loss was about ten times higher than the
simulated values, and this we believe is due to scattering loss in the gold wire.
For PCF900, the minimum loss was 10.86 dB/cm at 528 nm and the maximum loss was
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Figure 5.4: Cut-back loss measurements by measuring transmission spectra at four di�erent �ber
lengths for (a) PCF900 and (b) PCF600. (c) Loss spectra of the two gold-�lled PM-PCFs (red line:
PCF600, x-polarization; blue line: PCF900, y-polarization). Inset: near �eld images of the mode of
an 11 mm long sample of PCF600 at wavelengths 543 nm, 594 nm, and 633 nm. The position of the
gold wire is indicated by white dashed circle; light is clearly guided on the wire.

14 dB/cm at 690 nm (at the m = 3 SPP resonance). For PCF600, an on-resonance loss
of 15 dB/cm was observed at 638 nm (Fig. 5.4(c) red curve). The overall loss was much
lower than for PCF900, with a minimum value of only 5.1 dB/cm at 534 nm. This was also
eight times lower than previously reported for a wire-array structure in which all the holes
(diameter 980 nm, spacing 3 µm) were �lled with gold [76]. Our results showed that low
loss can be achieved by a careful �ber design, while preserving strong SPP resonances.
We also captured the output near-�eld patterns for PCF600. Because the strong 3rd SPP

resonance in this sample was located around 638 nm, we were able to use a tunable HeNe
laser to select the excitation wavelength. Three near-�eld images captured at the HeNe-
laser wavelengths 543 nm, 594 nm, and 633 nm are shown in inset of Fig. 5.4(c). In the
o�-resonance cases (543 nm and 594 nm), only the higher-order mode patterns in the core
can be seen. On the other hand, near the resonance (633 nm), light was seen both in the
core and on the wire. The blur image was due to the gold wire not being exactly in the same
plane as the �ber endface. The near-�eld image con�rmed the strong coupling of the core
mode and the SPP mode. Moreover, the strong SPP resonance in the visible wavelength
has the potential of providing SPP-based application since the gold absorption is minimal
in this wavelength regime.

5.3 Single nanowire in ESM-PCF

In addition to gold-�lled PM-PCF, we investigated the plasmonic properties of Au-�lled
endlessly-single-mode (ESM) PCF. Because of the six-fold rotational symmetry of air-hole
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Figure 5.5: SEM images of the Au-nanowire integrated ESM-PCF with wire diameter of (a) 1.02
µm and (b) 580 nm.

lattice of this �ber, we were able to study the plasmonic coupling dynamics with di�erent
geometries of the cladding structure, such as wire diameter, wire position and spacing of
the core and wire. Figure 5.5 shows examples of the Au-ESMs with approximately the same
pitch but with di�erent wire diameters of (a) ∼ 1.02 µm and (b) ∼ 580 nm. By carefully
adjusting the applied pressure during the �ber drawing processes, the hole diameter inside
PCF can be modi�ed [2], [3]. The scaling of PCF, together with the selectively metal-�lling
techniques, allowing us to accurately design the plasmonic resonance position and coupling
strength, which provided �exibility for di�erent experimental purposes.

5.3.1 Diameter dependence on plasmon resonance

Next we investigate the dependence between the resonance wavelength and the nanowire
diameter. We measured transmission spectra of Au-ESM PCFs with di�erent hole diameters
(nanowire diameter), where a single wire was selectively in�ltrated in the 2nd ring of the
PCF. The pitch of the PCF remained approximately the same of ∼ 3.1 µm. As shown
in Fig. 5.6, the resonance wavelength shifted to longer wavelength as the wire diameter
increased. It is because the phase index of the plasmonic mode (m=2 in this particular
case) is increased as larger portion of �eld is con�ned in a larger wire. As a result, the
e�ective index of the plasmonic mode shifted to longer wavelength as the wire diameter
increased, shifting the phase matching spectral position to longer wavelength, as discussed
in section 2.5.
It is clear from the �gure that the resonance wavelength can be tuned from visible to

infrared by altering the wire diameter (and cladding hole) from 500 nm to 1000 nm (the
selected transmission spectra are shown in the inset of Fig. 5.6). However, we found that
experimentally it was di�cult to fabricate a �ber with strong resonance below 700 nm in
this kind of ESM PCF. This was because the leakage loss of the �ber being too high to
support the guided core mode when the cladding's holey channels were too small (<500
nm). Therefore, to couple the plasmonic resonance in visible range, other PCF structures
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Figure 5.6: Dependence of resonance wavelength on wire diameter of gold �lled Au-PCFs. Inset:
selected transmission spectra with nanowire diameters of ∼ 550, 650 and 1020 nm.

have to be designed so that the SPP mode can phase match to the core while maintaining
low guided loss. Alternatively, modi�ed step index �ber, as discussed in Chapter 4, can be
used to excite plasmonic resonance in a broad range as the guided core is independent of
the diameter of the parallel gold nanowire running next to the core. It should be noted that
the monopolar (m=0) and dipolar (m=1) plasmonic modes have a relatively large e�ective
indices (for the wire diameter considered here), thus they are di�cult to phase match with
the PCF core mode. Using a high index core, such as soft glass, might help to excite these
modes.

5.3.2 Position dependence on plasmon coupling strength

To investigate the dependence of coupling on nanowire position in the Au-PCF, two idential
ESM-PCFs (∼ 550 nm diameter, pitch of �ber ∼ 3.1 µm) with one hole selectively �lled
with gold in (a) 1st and (b) 2nd ring were investigated (Fig. 5.7). The transmission spectra
of the �bers are shown in Fig. 5.7 (a) and (b) (the sample lengths were 6.8 mm and 67 mm
for the 1st ring and 2nd ring �lled �ber). It can be seen from the �gure that resonances with
strength of ∼ 30 dB were observed in both samples (at ∼ 750-790 nm), while the �rst-ring
�lled PCF had sample length 10 times shorter than that of a 2nd ring sample2. A simple
estimation shows that the losses for the 1st ring and 2nd ring �lled �ber are ∼ 47 dB/cm
and 5 dB/cm, respectively. By �lling wire in the 2nd ring, the loss of the �ber reduces
approximately by factor of 9. The strong coupling of the 1st-ring �lled sample resulted from
the stronger �eld overlap between the core mode and the wire mode. Therefore, the ability

2The discontinuity on the transmission at wavelength of 600 nm in Fig. 5.7 is resulted from the
OSA where two di�erent detectors were used.
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Figure 5.7: Transmission spectra for the Au-ESM with (a) wire in the �rst ring (sample length of
0.68 cm) and (b) wire in the second ring (sample length of 6.7 cm)

of selective �lling provided a degree of freedom for designing the coupling strength, and
subsequently the sample length for di�erent optical experiments. The slight di�erence in
resonance positions in Fig. 5.7 was due to the non-uniformity of the holey channels during
fabrication. Figure 5.8 shows the transmission spectrum of a 10 cm long Au-ESM-PCF
(wire in 2nd ring with diameter ∼ 800nm) where a dip as strong as ∼ 50 dB was observed.
Next, we focus our studies on the position dependent coupling by in�ltrating a single

nanowire into two di�erent location in the 2nd cladding ring of the PCFs (because the six-
fold symmetry of the PCF) (Fig. 5.9, top). In the case of position 1, the wire is "hidden"
behind the air hole in 1st ring, while for position 2 the wire is "opened" to the core. The
losses of these two Au-�bers were measured by the cut-back method 3, and are shown in Fig.
5.9 (a) and (b)). An on-resonance attenuation of ∼ 3 dB/cm was found for nanowire located
in position 1, while ∼ 6.5 dB/cm was found for position 2, which is more than two times
higher than that in the position 1. The stronger coupling in location 2 was a consequent
of the stronger �eld overlap between the wire and the guided core mode. However, for
location 1, the nanowire was shielded by the air hole in the 1st ring, signi�cantly reducing
the interaction between the guided core mode and the plasmon mode. The resonances
appeared in slightly di�erent spectral positions due to the small wire diameter di�erence

3It should be noted that the sample length of the wire located in the 1st ring is too short for
cut-back measurement (discussed in Fig. 5.9), thus we ignored the comparison of the 1st ring
sample in this discussion.
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Figure 5.8: Measured transmission spectrum of a 10 cm long second ring �lled Au-ESM-PCF,
showing a strong resonance of ∼50 dB at 950 nm.

by the fabrication. FE simulations were performed for this structures (air gap of 4 nm are
assumed in the calculations) and are shown in Fig. 5.7(c) and (d). It can be seen that a
good agreement was found comparing the measured and simulated results. The simulated
on-resonance losses were higher than the measured one which we attribute to the breaks of
the nanowire along the �ber. The measured results showed a broader SPP resonance, which
is due touching of the wire to the silica wall and the variation of the air gap along the �ber
in the real system, causing inhomogeneous broadening of the resonances.

5.4 Summary

In this chapter, we present in details SPP excitation in a single gold-nanowire �lled PCFs.
Introducing a sub-micron-diameter gold wire into the core of a birefringent PCF results in
strongly polarization-dependent transmission. The core mode su�ers high attenuation at
anticrossings with successive SPP modes on the wire. Near-�eld images con�rm coupling of
core light to the wire at these resonant wavelengths. A maximum on/o�-resonance transmis-
sion ratio of 45 dB was measured in a 24.5 mm long sample with a 900 nm diameter wire. In
addition, the diameter and position dependence on the plasmonic coupling in ESM-PCFs are
presented, allowing us to precisely design Au-PCF structures with di�erent SPP resonance
position and strength. The results suggest that gold-�lled PCFs will be useful as a new kind
of in-�ber wavelength-dependent notch �lter and polarizer, and provide a unique platform
for di�erent kind of optical experiments/studies, such as subwavelength-scale imaging, non-
linear studies and plasmonic wire in a twisted space, which will be discussed in the following
sections.
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Figure 5.9: (a), (b) Comparison of the losses of two Au-ESMs where single wire is �lled in di�erent
position of the second ring. (c), (d) Corresponding �nite element simulated results.
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Chapter 6
Excitation of a nanowire "molecule"
in gold-�lled PCF

We investigate the interaction of the plasmonic modes between the nanowires by incorpo-
rating a pair of gold nanowires into a photonic crystal �ber (PCF). We found that these
coupled nanowires act as a plasmonic "molecule". Hybridized modes are excited at spe-
ci�c wavelengths by launching light into the glass core. The formation of bonding and
anti-bonding solutions results in a modal splitting of more than 90 nm, even though the
spatial separation between the wires is larger than 3 µm. The study provides insight into
multi-wire plasmonic devices with applications as polarizers or �lters in near-�eld optics,
nonlinear plasmonics, optical sensing and telecommunications. In this chapter, the author
of this thesis contributed in the multiwire �lling, the transmission and loss measurements
and the FEM simulation of the plasmonic supermodes. The results were analysed together
with the coworkers from MPL and reported in Ref. [140].
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GOLD-FILLED PCF

6.1 Introduction

Figure 6.1: Sketch of the hybridization of two hydrogen atoms. The orbitals of two isolated
hydrogen atoms overlap when they are approached each other, forming anti-bonding and bonding
state with di�erent energy level.

It is known that when two isolated hydrogen atoms approach each other, each hydrogen
atom has a share in both electrons and forms two new atomic orbitals with di�erent energy
levels. This e�ect is referred as "orbital/molecular hybridization" (Fig. 6.1) [141]. The
splitting of the energy level is depended on the distance between the atoms. In plasmonic
structures, hybridization of plasmon resonances, which has been also observed in several
nanoscopic photonic systems, results from the optical coupling of two or more eigenmodes,
leading to the formation of supermodes. In spherical nanoshell structures the strong split-
ting of the plasmonic resonance has been explained by a molecular-type orbital coupling
approach [142]. Such spectral splitting, which in fact is a result of the hybridization, can be
understood from a hybridization picture of a pair of atom. These plasmonic hybridization
has been studied in several structures, such as in coupled nanoscale antennas, concentric ring
and metallic nanoparticle structures [143�150]. For a nanoscale dielectric �lm sandwiched
between two identical metal �lms, coupling of the two surface plasmons results in formation
of so-called "gap-plasmons" [151, 152]. Several recent reports also focus on the theoretical
study of gap-plasmon in nanowire systems [153�156]. In all these structures the gap size is
typically of the order of 100 nm, signi�cantly smaller than the operation wavelength.
Here we present an experimental study of propagating plasmon hybridization in a system

of two parallel gold nanowires incorporated into PCF.

6.2 Nanowire molecule structures

In the structure the hybridized plasmonic states are excited by launching broadband light
into the central glass core of the PCF (Fig. 6.2). At wavelengths where the e�ective
mode indices of the hybridized modes and the glass core mode match, dips appear in the

80



6.3. POLARIZATION DEPENDENT COUPLING

Figure 6.2: (a) The "diatomic nanowire molecule" embedded in a photonic crystal �bre. The green
arrow indicates the direction of the incident light. The scanning electron-micrographs (SEMs) show
samples with (b) a single nanowire; (c) with two adjacent nanowires; (d) with three nanowires in
2nd and 3rd ring; (e) with three nanowires in 3rd and 4th ring. The structural parameters are given
in the text. The red circles indicate the position of the nanowires in each case.

transmission spectrum. By measuring the optical attenuation of the glass core mode, we
are able to measure the splitting and the coupling constant of the hybridized modes.
An endlessly single-mode silica PCF, with hollow channels of diameter 1.02 µm and

spacing 3.1 µm, was selectively �lled with gold using the spliced-�ber pressure-�lling tech-
nique (Fig. 1(a)) (discussed in 3.5). Both single and double nanowire and triple structures
were investigated, as shown in the scanning electron micrographs in Fig. 6.2 (b)-(d). The
nanowires were placed in the 2nd and 3rd hexagonal rings of the cladding as to lower the
overall SPP-induced loss of the glass core mode. For comparison, three wires are also �lled
in the 3rd and 4th rings (Fig. 6.2(e)). The �ber samples were typically several cm long.
For the optical measurements a transmission set-up consisting of a supercontinuum source

(emitting from 400 to 1700 nm) and an optical spectrum analyzer was used. The input po-
larization was precisely controlled by inserting a polarizer and a half-wave plate between
light source and sample. The polarization dependent transmission and the optical attenua-
tion of the fundamental glass core mode were determined by successively cutting back the
sample.

6.3 Polarization dependent coupling

The polarization dependent transmissions for di�erent multiwire PCFs (samples of Fig.
6.2(b)-(d)) are shown in Fig. 6.3. For the single wire PCF (6.3(a)), a single plasmon
resonance was observed at wavelength of ∼ 1000 nm for all polarizations. It is clear that
the coupling was stronger for x-polarization (polarization angle of 90 degrees, coordinates
de�ned in inset of Fig. 6.4). In the case of two and three wires system (6.3(b) and (c)), we

81



CHAPTER 6. EXCITATION OF A NANOWIRE "MOLECULE" IN

GOLD-FILLED PCF

observed a polarization dependent resonance splitting where two resonances were observed
instead of one. These results clearly indicated the interaction between the plasmonic wires.
Further investigation on the coupling is discussed in the following section.

Figure 6.3: Polarization dependent transmission plots for (a) single-wire, (b) double-wire and (c)
triple-wire PCFs (structures depicted in Fig. 6.2(b)-(d)). The transmission is plotted in logarithmic
unit (dBm).

6.4 Hybridized plasmon supermode and �nite element

analysis

Figure 6.4: Measured attenuation spectrum of the x- and y-polarized glass core mode in the double-
nanowire �ber. The polarization directions are de�ned in the right-hand inset. Top left-hand inset:
measured attenuation spectrum for the single-wire �ber. (A: 932.2 nm, B: 974.8 nm, C: 1015.9 nm,
D: 1022.4 nm).
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To investigate the coupling e�ect of plasmonic nanowires, we measured the attenuations
of the single and double nanowire �lled PCF by cut-back methods (structures in Fig. 6.2
(b) and (c)). The measured attenuation spectra for the single nanowire �ber for x- and
y-polarized light are shown in the inset of Fig. 6.4(a) (the polarization state is de�ned with
respect to the electric �eld orientation of the glass core mode - see the right-hand inset in
Fig. 6.4(a)). A single loss peak appears at ∼ 1000 nm for both polarizations, caused by
the modal wavevectors of the glass-core and guided SPP modes becoming phase-matched.
The x-polarized eigenstate has a larger tangential magnetic �eld at the metal than the y-
polarized state as discussed. Since such magnetic �elds induce electric currents in the metal,
this gives rise to higher modal attenuation [77,94].
Figure 6.4 shows the attenuation spectra of the double nanowire �ber (Fig. 6.2(c)), again

for x- and y-polarized light. The y-polarized mode has two distinct peaks at ∼930 nm and
∼1020 nm. The x-polarized mode, however, has only a single main peak at ∼975 nm -
outside the wavelength range shown the spectra remained comparatively �at without any
signi�cant features. The double-peak feature clearly arises as a result of evanescent �eld
coupling between the guided SPP modes on the two nanowires.
To help understand the experimental observations we carried out �nite-element simula-

tions (using JCMwave) of the dispersion of single and double nanowire modes in the absence
of a glass core, i.e., for an in�nite hexagonal lattice of hollow channels with two nanowires
at its center (inset of Fig. 6.5(b)). A narrow (4 nm) air gap was introduced between the
gold nanowire and the glass - this is known to appear as a result of the di�erence in ther-
mal expansion between gold and silica as discussed in 4.4. The wires were assumed to be
perfectly circular and centered in the hollow channels, and the accuracy of the simulations
was guaranteed using a mesh resolution better than 3 nm. Tabulated dielectric functions of
the gold and silica were used in the calculations [92,129].
In Fig. 6.5(a) the propagation constant of the modes is plotted relative to the modal

index of the glass core mode in the absence of any nanowire. The simulations show that
the single and double peak features result from the excitation of quadrupolar guided SPPs
on the wires. In the single-wire (W) system, one phase-matching point between core and
SPP mode is observed, resulting in a single loss peak for both polarizations, as con�rmed by
experiment. For the double-wire structure, however, hybridization induces splitting of the
single quadrupolar mode, resulting in two peaks for each polarization state (red and green
curves in Fig. 6.5(a)). For each polarization state symmetric (bonding) and anti-symmetric
(anti-bonding) modes are formed, leading to the appearance of molecular-orbital-like modal
�eld patterns (solid curve: bonding, dashed curve: anti-bonding). As shown by the points
A, B, C and D in Fig. 6.5(a), these hybridized modes phase-match to the glass core mode at
speci�c wavelengths. The calculated axial Poynting vector distributions of the four modes
at these frequencies are shown in Fig. 6.5(c) (anti-bonding states A and B; bonding states
C and D).
In the y-polarization state the simulations con�rm that the experimental loss peak at the

shorter (longer) wavelength corresponds to a anti-bonding (bonding) state. The ∼90 nm
separation between the two loss peaks is relatively large compared to many other plasmonic
systems, for example, concentric metallic rings and nanoshell structures [2-6]. This results
from the fact that a single isolated quadrupolar guided SPP approaches its cut-o� at ∼1100
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Figure 6.5: (a) Calculated modal dispersion of the four coupled quadrupole modes of two nanowires
embedded in an in�nite hexagonal lattice of hollow channels (see inset in (b)). Solid and dashed lines
correspond to bonding and anti-bonding states. The solid blue line represents the e�ective index of
the guided SPP mode on an isolated wire in an in�nite hexagonal lattice of hollow channels. In the
grey (white) area, solutions correspond to anti-bonding (bonding) states. The black vertical line
indicates the point at which the glass core mode matches to the wire modes. (b) Relative attenuation
of the modes with the same labelling as above. (c) Axial Poynting vector distributions of the four
molecule-type modes of the double wire structure at the phase matching frequencies indicated in
Fig. 6.5(a) (A: 974 nm, B: 984 nm, C: 993 nm, D: 997 nm). The arrows show a snap-shot of the
directions of the local instantaneous transverse electric �elds.

nm, extending the evanescent �eld into the dielectric cladding and increasing the coupling
between the guided SPP modes. For y-polarization the simulations reveal that two molecule-
like quadrupolar modes are excited (cases A and D in Fig. 6.5(c)), their four �eld lobes being
aligned parallel and perpendicular to a line passing through the wire centers. In the bonding
solution (case D) the electric �eld vectors of both modes are in phase along this line. In the
anti-bonding case (case A), however, they are out of phase. For x-polarization the lobes of
the modes are rotated by 45o (cases B and C in Fig. 6.5(c)). It is clear by comparing the
Poynting vector distributions of Fig. 6.5(c) that the di�erence in coupling constant between
the bonding and anti-bonding cases is much larger for y-polarization (A and D) than for
x-polarization (B and C). This is con�rmed in the experimental results, where two peaks
were observed in the attenuation spectrum for y-polarization. For x-polarization, however,
the splitting was so small that the two peaks are e�ectively masked by the broad plasmonic
resonance peak. Fig. 6.5(b) shows that the hybridized modes can have an attenuation
up to 10 % higher or lower than that of the isolated guided SSP mode on an single wire
(Fig. 6.5(b)). It should be mentioned that for the wires �lled in 3rd and 4th(Fig. 6.2(e)), no
plasmon resonance was observed with the sample of a few cm length. This further con�rmed
the coupling between the plasmonic wires, where hybridization causes energy to couple from
the wire in the 2nd ring to the wire in the 3rd ring.
The measured splitting is about three times larger than in simulations. This discrepancy
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Figure 6.6: Calculated modal dispersion of the four coupled quadrupole modes of two nanowires
embedded in an in�nite hexagonal lattice of hollow channels for (a) symmetric wires, (b) asymmetric
wire with diameter di�erence of 40 nm, (c) asymmetric wire with diameter di�erence of 70 nm. The
solid lines represent the bonding modes and dash lines represent anti-bonding modes.

Figure 6.7: Calculated splitting between the anti-bonding and bonding modes for various wire-
diameter di�erence.

may due to a slight di�erence in the diameters of the two wires. We found that the holey
channels in the 3rd ring are larger by about 30 -60 nm than those in 1st and 2nd ring. To
investigate the e�ect of the spectral splitting on the asymmetric coupled wires, we performed
FEM simulations by varying the diameter of one of the nanowire (Fig. 6.6). As seen from
the �gure, the spectral splitting increased signi�cantly with the size di�erence of the wires
(Fig. 6.6 (b) and (c)). For an asymmetry in wire diameter with di�erence of 70 nm, the
splitting enhanced to more than 50 nm. Moreover, the dispersion of the bonding modes got
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closer once the di�erence of two wires increased. Figure 6.7 summarizes the dependence
of the splitting between each anti-bonding and bonding modes for di�erent asymmetry
wires. The spitting between the anti-bonding and bonding modes (point A and D in Fig.
6.6(a)) signi�cantly enhanced with increasing wire-diameter di�erence. It is because uneven
coupling occurred when the wire diameter di�erence increased, leading the bonding mode
dispersion located close to that of a isolated SPP mode on the big wire. The e�ective
index of the SPP mode on the bigger wire (and the bonding mode) is increased with larger
diameter, shifting the crossing point between core and SPP mode to longer wavelength,
thus signi�cantly increases the splitting between the anti-bonding and bonding mode. On
the other hand, the splitting between the anti-bonding modes (point A and B) reduces with
larger wire diameter di�erence due to the reduction of the interaction between the SPP
mode on the nanowires.

Figure 6.8: Calculated modal dispersion of a nanowire embedded in an in�nite hexagonal lattice
of hollow channels with di�erent wire location inside the hollow channel.

In addition, in the previous simulations, we assumed that the wires are located exactly in
the center of the holey channel with a 2 nm wide air-gap surrounding each wire (the air gap
arises from the di�erence of thermal expansion coe�cient of gold and silica). In the real �ber
system, the wire is not necessarily in the center along the �ber, but may touch the silica wall
or the air gap may vary along the �ber. Therefore, we had performed simulation to study
the non-central wire inside the hole. First, a single isolated wire in a in�nite hexagonal
lattice of hollow channels was calculated (inset of Fig. 6.8). In the calculation the pitch
and hole diameter remained unchange with 3.1 µm and 1.02 µm, respectively. The guided
core mode dispersion was calculated in a empty PCF. As seen in �gure 6.8, the single wire
dispersion and the crossing point between the plasmonic and core mode did not depend on
the location of the nanowire inside the hole (the di�erence of resonance wavelength < 0.1
nm). On the other hand, we simulated for the double-wire system by varying the locations
on both wires as shown in Fig. 6.9. It is found that the hybridization was enhanced (Fig.
6.9(c)) or reduced (Fig. 6.9(b)) depending on the wire position.
To further con�rm the discrepancy between simulated and experimental results, a asym-

metric wire structure was simulated with small wire (SW, wire in 2nd ring): diameter and
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Figure 6.9: Calculated modal dispersions of the four coupled quadrupole modes of two nanowires
embedded in an in�nite hexagonal lattice of hollow channels with di�erent wire locations.

air-gap width of 1.02 µm and 3 nm, and a big wire (BW, 3rd ring): diameter and air gap
width of 1.05 µm and 1.5 nm. We found that the SW (BW) moving up (down) in frequency
(black arrows in Fig. 6.10(a)), resulting in an unbalanced mode coupling situation. The
anti-bonding dispersion curves are then located in the vicinity of the SW curve, and a large
fraction of the EM-�eld is concentrated on the SW (Fig. 6.10(b), A and B). The bonding
dispersions are, conversely, located close to that of the BW, the �elds being concentrated
close to the BW (Fig. 6.10(a) and (b), C and D). The di�erence between the resonance
wavelengths of the two bonding modes is relatively small (point C and D in Fig. 6.10(a)),
while a much larger di�erence is observed for the two anti-bonding modes (point A and
B in Fig. 6.10(a)) - in agreement with the spectral measurements (Fig.6.4). Therefore,
we believed that the discrepancy between the experimental and simulated results is mainly
due to the asymmetric wire diameter. We attribute the remaining discrepancies between
experimental and simulated resonance wavelengths to variations in wire position along the
hollow channels and inaccuracies in the SEM measurements.
Finally, we studied the e�ect of varying the nanowire diameter (d = 0.55, 0.75, 1.02,

1.35 µm) for �xed spacing. As shown in the attenuation spectra of Fig. 6.11, the splitting
increases for larger wire diameters, because a larger wire diameter shifts the phase-matching
point closer to the cut-o� wavelength and additionally reduces the spatial distance between
the wires. The degree of hybridization can therefore be controlled by adjusting the structural
parameters, which could be useful in designing in-�ber devices [157].
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Figure 6.10: Simulated modal dispersion of the four hybridized modes of two adjacent nanowires
with di�erent diameters and air gaps embedded in an in�nite hexagonal lattice of hollow channels
(small wire (SW, left wire) diameter and air-gap width: 1.02 µm and 3 nm, big wire (BW, right
wire) diameter and air gap width: 1.05 µm and 1.5 nm). Solid and dashed lines refer to bonding
and anti-bonding states. The violet curves correspond to the dispersion of guided SPP modes on
isolated SWs and the BWs embedded in an in�nite lattice of cladding holes. The blue curve marked
W corresponds to the case when the wires are identical (see Fig. 6.5(a)), and the black arrows
show the splitting in the case when they are dissimilar. (b) Axial Poynting vector distributions the
four molecule-like modes of the asymmetric double wire structure at the phase matching frequencies
indicated in Fig. 6.10(a) (A: 955.5nm, B: 963 nm, C: 1016 nm, D: 1016.5 nm).

6.5 Summary

In conclusion, guided SPP modes on a pair of adjacent gold nanowires have �eld patterns
that are reminiscent of two-dimensional molecular orbitals. Strong spectral splitting is
observed when light couples from the glass PCF core to the nanowire pair as a result of
hybridization of the plasmonic "orbitals" and the formation of bonding and anti-bonding
states. Multi-wire PCF structures represent a new platform for investigating various plas-
monic e�ects such as gap-plasmons close to cut-o�, interaction of nanowire arrays [158�160],
properties of coupled nonlinear propagating plasmons excited via ultrashort pulses [161�165]
or precise attenuation and coupling management for quantum plasmonics [166,167,167,168].
In addition, multiwire structures may be useful for studying/developing three-dimensional
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Figure 6.11: Simulated attenuation spectra of the glass core mode for "diatomic" nanowire �bers
with di�erent wire diameters (marked on plot) for the x (dashed lines) and y (solid lines) polarization
states assuming a constant pitch of 3.1 µm.

plasmonic structures for on-chip applications [169�171]. Possible applications are in near-
�eld optics (e.g., molecular detection on dual tip structures), opto-�uidic sensing (plac-
ing a hollow channel between two nanowires) [172] and polarization-dependent attenua-
tors [77, 157].
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Chapter 7
Nonlinear properties of plasmonic
PCF

7.1 Introduction

The linear optical properties of surface plasmon polaritons (SPPs) have been extensively
studied in association with the nanoscale manipulation, guidance and con�nement of light.
On the other hand, metals are believed to have very large intrinsic optical nonlinearities due
to the large number of electrons contributing to the optical response and the anharmonic
electron potential inside the metal [173]. Furthermore, the nonlinear response of plasmon
could be enhanced dramatically as a result of the high optical �eld con�nement of SPP.
The study of ultrafast nonlinear plasmonics has therefore attracted a lot of interests as it
plays an important role in the development of nanoscale plasmonic chips and plasmonic
based circuits. Several nonlinear e�ects have been observed experimentally in plasmonic
structures in the recent years, such as second or high harmonic generation [174�177], active
plasmonic modulation [178�180], nonlinear generation of light [181], nanofocusing [182],
and four-wave mixing [183�186]. The nonlinear self-action has also been exploited for the
manipulation of the transverse spatial di�raction by self-focusing [187], and for the formation
of plasmon solitons [187�190].
Most of the e�ects reported above are either related to the nonlinear properties of the

metal surfaces, or have been observed in structures with highly nonlinear dielectric materials,
in which the metal is treated to be passive. Only few studies on the bulk nonlinearity of
metal in a propagating SPP structures have been reported so far as there is no simple way for
a direct measurement. Several attempts were made experimentally to reveal the third-order
nonlinear susceptibility of metal. The measured value varies by several orders of magnitude
from χm3 ≈ 10−14 to 10−18 m2/V 2 [186, 191�194]. Even the lowest estimation is more than
5 orders of magnitude higher than the third order susceptibility of bulk silica (χm3 ≈ 10−22

m2/V 2). This enormous nonlinearity, which raised a lot of attraction in the plasmonic
community, would be important for the development of future plasmonic nano-circuits in
the future.
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Our aim in this chapter is to investigate the ultrafast nonlinearity of metal using metal-
�lled photonic crystal �ber. The gold-�lled PCF (Au-PCF) o�ers an excellent platform for
the investigation of metal nonlinearity, since optical properties such as the dispersion, non-
linearity and coupling can be tailored by the PCF microstructure. Several experiments per-
formed to study the nonlinear properties of Au-PCF are presented in the following sections.
Further possible techniques of accessing the metal nonlinearity are described in Section
7.3.3. In this chapter, the ideas of using metallic PCF for nonlinear studies were developed
by the author of the thesis and the coworkers from MPL. The design and fabrication of
the metallic PCF and the nonlinear measurements of the sample were done by the author
of this thesis. The theoretical studies and the nonlinear pulse propagation modelling were
performed with the coworkers from Max Planck Research Group on "Nonlinear Photonic
Nanostructures" (NPN). Part of the theoretical results are reported in Ref. [195].

7.1.1 Nonlinear mechanism of gold: Fermi smearing

Figure 7.1: Sketch of the Fermi smearing processes under a femtosecond light excitation and the
corresponding energy diagram.

Although several experimental results indicate that metals may intrinsically have high
optical nonlinearities [193, 194, 196], there is still a lack of detailed understanding of the
physical processes that generate such high nonlinear susceptibilities in metals. Recently,
a nonlocal ponderomotive nonlinearity for a free plasma of electrons has been proposed
as a possible model for the interpretation of the experimental results [197, 198]. However,
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the predicted value for the ponderomotive third-order susceptibility at optical frequencies
(χm3 ≈ 10−20 m2/V 2) can not su�ciently explain the experimental �ndings [186, 191�194].
In addition, the spectral dependence of the ponderomotive nonlinearity (χm3 ∝ 1/ω4) does
not agree with the enormous spectral variation (by several orders of magnitude) observed
in the measurements reported in Ref. [186, 191�194], and this di�erence suggests that the
basic nonlinear mechanism is of a resonant nature.
One of the possible nonlinear mechanisms of metal is the so-called "Fermi smearing"

which relieds on heating the electron plasma. The mechanism is described in Fig. 7.1
together with the corresponding energy diagram. We consider only for in the following
discussion. When an ultrafast femtosecond laser pulse is irradiated on the gold surface,
some photons will be absorbed by the free electrons in the conduction band (process 1 in
Fig. 7.1(a)). The accelerated electrons are quickly thermalized because of the electron-
electron interaction (in a time scale of hundreds of femtosecond)(process 2). Owing to
the thermalization of the electrons, the Fermi distribution is subsequently modi�ed and
the probability of the transition between d-band and Fermi energy EF (2.4 eV for gold,
corresponding wavelength of 518 nm) is modi�ed (process 1 and 2 in Fig. 7.1 (b)). After
the redistribution, more "holes" (empty states) are created for the region below Fermi level;
as a result, the probability for the transition into these states becomes higher (orange arrow
in inset of Fig. 7.1(b)). Thus, the imaginary part of the dielectric function of gold in this
region is increased, indicating an increase of the absorption. In contrast, for the energy
level above the Fermi energy, the states become occupied and limited for the transition to
occur in this region (green arrow), reducing the imaginary part of the dielectric function.
After the thermalization of the electrons, the electron cloud loses its energy to the lattice
through electron-phonon collision (process 3). The electrons come to thermal equilibrium
after a time scale of 100 ps and the electron population returns to the original temperature.
With the Fermi smearing, the optically induced temperature change of electrons results in

a modi�cation of resonant interband absorption and the dielectric susceptibility. Moreover,
this process is intrinsically nonlinear, as the temperature change modulating the dielectric
response depends strongly on the optical power. It should be noted that this kind of ther-
mally induced nonlinearity is a relatively fast mechanism (< 1 ps) and temporal dynamics of
the system can be described by the two temperature model (TTM) by considering the elec-
tronic and lattice heat capacities and the coupling between electrons and phonon [199,200].
Taking into account the possible interband transition of gold and calculating the joint

density of states, the thermo-derivative of the imaginary part of the dielectric function of
gold can be accurately �tted with the Lorentzian function (�tting parameters are shown in
table 7.1) [195]:

∂Teε
′′
inter(ω) =

5∑
j=1

Fj
(ω − ωj)2 + γ2j

, (7.1)

and the real part ∂Teε
′
inter can be obtained from the Kramers-Kronig relation so that

∂Teε
′
inter(ω) =

5∑
j=1

Fj(ωj − ω)
γj(ω − ωj)2 + γ3j

. (7.2)
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The exact calculation of this complex dielectric thermo-derivative ∂Teεinter(ω) is of funda-
mental importance for the description of the light-induced self-thermo-modulation. With
this, we can calculate the amount of dielectric constant being modi�ed, which is resulting
from the heating of the electron, after the light pulse is irradiated on the gold surface [195]:

4ε(ω) = ∂Teεinter(ω)4 Te. (7.3)

Again, from Eq. (7.3), we found that the thermo-modulational process is intrinsically non-
linear because the increase in temperature depends on the absorbed optical power4Te(PA).
The spectral dependence in the change of the dielectric function of gold for both the real
and imaginary parts are shown in Fig. 7.2 for di�erent temperature variations 4Te = 20,
50, 100 K.

Figure 7.2: Thermal-induced modulation of the (a) real part and (b) imaginary part of the dielectric
function of gold (original electron temperature T0 = 300K). Black, red and blue curves correspond
to the change of temperature of δTe = 20, 50, 100K [195]. The dash grey line indicates the transition
of the center of the d-band to the Fermi level. Insets: highlighted wavelength region where the typical
nonlinear experiments performed.

It can be seen from Fig. 7.2 that the spectral dependence of both 4ε′(ω) and 4ε′′(ω)
are non-trivial and they can be either positive or negative. The strongest change in the
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absorption is found near the transition of the center of the d-band to the Fermi-level (∼
520 nm)(dash line). The insets in Fig. 7.2 show the highlighted wavelength range where
the typical nonlinear experiments performed (700-900 nm).
The nonlinear optical thermo-modulation provides a unique opportunity to alter the

plasmonic e�ect in metallic structures. Several experimental results demonstrate the use
of this thermal nonlinearity for ultrafast all-optical coupling of SPP [201�203], tuning the
plasmonic resonance [196, 200], and modifying the re�ection spectra of thin metallic �lms
[204�207].

1 2 3 4 5

Fj × 107 -1.6969 -2.9413 +5.0681 -1.0016 +0.4045
ωj/ωp 0.3982 0.3541 0.3140 0.2587 0.2238
γj/ωp 0.0217 0.0216 0.0173 0.0217 0.0130

Table 7.1: Fitting parameters for the thermo-derivative ∂Teεinter(ω) for Eq. (7.1) and (7.2). ωp =
1.1515 × 1016 rad/s is the plasma frequency of gold, which has been calculated by �tting the
experimental data in the far-infrared [208].

7.2 Nonlinear e�ect in CW regime

We �rst consider the nonlinear optical properties of the Au-nanowire integrated PCF in
a continuous wave (CW) regime. The Au-PCF used in our experiments was a ESM-PCF
with cladding hole diameter of ∼ 510 nm and pitch of 3.1 µm. In this �ber, two gold wires
were �lled in the second and third rings of the cladding holes. It is worth noting that the
plasmonic coupling which contributes mainly to the wires in the second cladding ring and
the inter-wire coupling were insigni�cant due to the small wire diameter. The �lled length
of the sample was ∼ 5 cm.
First, the transmission of the Au-�ber was measured by launching light from a super-

continuum source into the Au-�ber and recording the output spectrum with an optical
spectrum analyzer. The measured transmission spectrum shown in Fig. 7.3(a) exhibits
a strong resonance at 750 nm, as a result of the coupling between the guided PCF core
mode and the m = 2 plasmonic mode on the nanowires, and was con�rmed by plotting the
respective dispersions of the core and plasmonic modes.
In order to investigate nonlinear e�ects in the Au-�ber, a tunable CW Ti:Sapphire laser

was used to tune the pump wavelength near the plasmon resonance with powers up to
1 W (laser linewidth < 1 nm). The transmission of the laser through the Au-�ber was
controlled via an electronic shutter and the transmitted power at the output of the �ber
was measured with a powermeter. Figure 7.3(b) shows the dependence of the output power
on the input power at the wavelength of 868 nm (outside the plasmon resonance). The
output powers were measured instantaneously as the shutter was opened (red circle) and 2
seconds (black circle) after the shutter has opened. At this wavelength, the output power
showed a linear dependence on the input power and there was no change in the measured
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Figure 7.3: (a) Measured transmission spectrum of the gold-�lled PCF being investigated. Points
A, B and C indicate the pump wavelengths used in the experiment. The measured changes in the
�ber output power with varying input power are shown for pump wavelengths of (b) 868 nm, (c)
778 nm and (d) 731 nm.

output signal with respect to the duration in which the Au-�ber was irradiated. However,
for the wavelengths near resonance (778 nm and 731 nm)(Figure 7.3(c), (d)), the measured
�ber output power did not exhibit a linear dependence on the input power. For powers
higher than 100 mW, the measured output dropped signi�cantly with irradiation time. The
nonlinear power dependence clearly indicates the nonlinear optical response of this kind of
Au-PCF.
Next, we �xed the incident laser power to 280 mW and scanned the wavelength around the

resonance at ∼750 nm. We found that the intensity dropped across the plasmon resonance
and the resonance bandwidth was increased with irradiation time. As shown in Fig. 7.4(b),
the nonlinear change was more obvious near the edge of the resonance and had an output
power change of more than 10% (the linear transmission of the �ber is plotted in the �gure
for clarity). The e�ect is less prominent at wavelengths outside the resonance (>800 nm). To
understand the time scale of the nonlinear change, the transmitted light was measured with
a fast photodiode with an input power of 280 mW near the resonant wavelength as shown in
the inset of Fig. 7.4(a)). It was shown that the output power dropped relatively slowly on
a time scale of seconds. Note that the transmitted intensity reached the steady state after
around 2 second. Because of the slow time respond, we except that the laser-induced change
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Figure 7.4: (a) Measured output power immediately (black curve) and 2 second after (red curve)
the shutter is opened. (b) Corresponding change of the output power (black dot) with the trans-
mission spectrum overlaid on top. (c) Measured transmission spectrum of a Au-�lled PCF at room
temperature (black curve) and at high temperature (red curve).

is not due to the Fermi-smearing e�ect which discussed in 7.1.1. Furthermore, we believe
that the nonlinear change is not due to the simple thermal expansion of the nanowire, as the
resonance would be expected to shift to longer wavelength for larger wire diameter. This was
con�rmed by a separate experiment where the resonance shift was monitored by heating the
gold-�lled section of the �ber on a hot plate. As seen in Fig. 7.4(c), the resonance shifted
to longer wavelength by several nanometer at a temperature of 220 oC. This is because the
large thermal expansion coe�cient of gold (15× 10−6K−1), the gold-wire expands with the
high temperature. As a result, the resonance shifted to longer wavelength because of the
e�ective index of SPP mode increased. With this result, we further believe that the laser-
induced nonlinear change may not simply due to the thermally induced changes in the wire
diameter because the bandwidth of the plasmon resonance was increased and the intensity
dropped on both edges of the resonances (Fig. 7.4(a) and (b)). It is speculated that the
observed nonlinear e�ect is a slow thermalization whereby the nanowire locally "heats" up
due to the absorption of the high optical power. Subsequently, both the wire diameter and
the dielectric function of gold are changed because of the temperature increase of the gold
lattice and hence the transmitted intensity drops around the resonance wavelength. Detailed
investigations on the CW-induced nonlinear change are currently performed to clarify the
observed results.
This CW-laser induced nonlinear property of Au-PCF may be useful for designing power

dependent in-�ber absorbers [209] and in-�ber optical limiting elements [210].

7.3 Nonlinear e�ect in femtosecond regime

Next we studied the nonlinear response of a guided mode of Au-�lled PCF by launching
an ultrashort pulse as depicted in Fig. 7.5. The �rst structure studied was based on a
solid-core PCF with hollow channels 550 nm in diameter spaced 3.1 µm apart, in which a
single channel in the second ring was selectively �lled with gold. The SEM image of the
structure is depicted in Fig. 7.5(b). FE simulations were performed for this particular Au-
PCF structure showing that a quadrupolar (m=2) plasmonic mode was excited at a certain
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Figure 7.5: (a) Sketch of the gold-silica PCF used in the experiment. (b) Scanning electronic
micrograph of the structure (core diameter: 6 µm, pitch: 3.1 µm, wire diameter: 550 nm). Inset:
Close-up view of the gold nanowire polished using focused ion-beam milling. (c) Poynting vector
distribution (logarithmic scale) of the dielectric-like hybrid eigen-mode at resonance, calculated using
�nite element simulations. Inset: Enlarged image of the quadrupolar SPP mode. (d) Measured linear
transmission spectrum of the plasmonic PCF, showing a resonance dip at ∼ 796 nm. An ultrafast
laser (grey region) with central wavelength at 800 nm is used for the nonlinear experiment.

resonance wavelength (Fig. 7.5(c)). Using a similar transmission setup to that described in
Section 4.2.1, the experimental linear transmission spectrum of light launched into the glass
core of the �rst sample (sample length 6.7 cm) showed a distinct 25 dB resonance dip at
796 nm with a FWHM of ∼40 nm, which occurred when the core-mode phase-matches to
a guided SPP mode on the nanowire (Fig. 7.5(d)). The spectral position of resonance was
carefully designed so that the plasmonic resonance was close to the laser wavelength (grey
region). The experimental measurement setup will be described in the following section.
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Since this resonance is extremely sensitive to dephasing, i.e., the di�erence between the
e�ective indices of the SPP and core-modes, slight changes in the polarisability of the silica
or gold may cause a detectable shift in its resonance position. Consequently, with a proper
design of the �ber structure which balances the optical losses of the �ber and the coupling to
the metal, the spectral shift in resonance may permit measurement of the optical nonlinear-
ity of gold. The asymmetrical geometry and refractive index distribution of this directional
coupler, together with the high absorption coe�cient of the SPP mode, imply that only the
low-loss hybrid eigen-mode (which has only a small fraction of its power travelling on the
wire) will be transmitted as discussed in section 4.4. This signi�cantly hinders the prob-
lems of severe optical damage typically encountered in nonlinear measurements where SPP
modes are directly excited by ultrashort pulses [178].

7.3.1 Nonlinear transmission

In the nonlinear measurements, an ultrafast ampli�ed Ti:sapphire laser system was used
(pulse duration 150 fs at 800 nm; FWHM 15 nm; repetition rate 250 kHz) (Fig. 7.6(a)).
A polarizer and half-wave plate were inserted between the laser output and the sample to
control the input polarization state and input power. The pulses were then launched into the
glass core of PCF, and the transmitted light was delivered to an optical spectrum analyzer,
with the unwanted cladding light removed using an iris diaphragm. For all wavelengths
considered in these experiments, the dielectric-like eigenmode has normal group velocity
dispersion (zero dispersion wavelength ∼1.1 µm).
Experimentally, we measured the output spectra as a function of input power. The

measured transmission spectra for di�erent average input powers are shown in Fig. 7.6(b).
The di�erence between successive measurements was ∼ 1.5 mW. For low input powers
(less than 17 mW average power), the SPP induced resonance was not detectible since
the spectral broadening due to self phase modulation (SPM) was insu�cient to reach the
resonance. For higher powers (> 20 mW), the spectral broadening was wide enough and
we see the plasmonic resonance related dip. It can be seen very clearly that the resonance
shifts towards shorter wavelengths with increasing input powers. The transmission spectra
for three di�erent powers are shown in Fig. 7.6(c), where a strong transmission dip of > 10
dB was observed at high input power with an asymmetrically broadened spectrum. As seen
in Fig. 7.6(d), the resonance shifts by ∼ 6 nm towards shorter wavelengths with increasing
input power. In addition, the depth of the transmission dip increases, despite of the higher
background spectral power.
We next investigated two other samples which are o�-resonance with respect to the

ultrafast-laser pulse (laser wavelength centered at 800 nm). The samples lengths were 3.7 cm
and 5.3 cm, respectively. The linear transmission spectra (measured with SC light source)
are shown by the green dash curves in Fig. 7.7(a) and (b), where the 30 dB SPP resonance
dips are located at 745 and 825 nm. The corresponding measured nonlinear transmission
spectra for average input powers between 23 to 35 mW are plotted in the same �gures.
As shown in 7.7(a), similar to the previous case, the resonance induced dip blue-shifted by
approximately 5 nm with increasing input power. In addition, an asymmetric broadening
of the spectrum and SPM oscillation around 780-820 nm were also observed. For the sam-
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Figure 7.6: (a) Optical set-up for measuring the nonlinear properties of the nanowire PCF. (b)
Measured nonlinear transmission spectra for the sample with SPP resonance at 795 nm (Fig. 7.5(d))
for di�erent average input powers (pumping at 800 nm). (c) Selected transmission spectra of (b)
showing that the SPP induced dip shift to shorter wavelength. (d) Variation in the SPP resonance
wavelength as a function of the average input power. Inset: Dependence of the strength of the dip
on the input power. The strength of the dip is relative to the nearest peak intensity on the short
wavelength side.

ple with resonance at 825 nm (Fig. 7.7(b)), the resonance induced dip appeared for input
powers > 23 mW. However, in this case the resonance red-shifted by about 20 nm with
increasing input power. And the intensity of the dip was �rst dropped then increased with
further increase in the input power. A counter-propagating experiment was performed by
using a CW superluminance light source and a fast optical spectrometer (integration time
of 2 ms). It was observed that the shift of the resonance induced dip was faster than a few
ms, and therefore was not due to a slow thermal e�ect.
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Figure 7.7: Measured nonlinear transmission spectra with di�erent average input powers for the
samples with resonances at (a) 745 nm (black: 23 mW, red: 27 mW, blue: 34 mW) and (b) 825 nm
(black: 21 mW, red: 25 mW, blue: 35 mW). The orange arrows indicate the directions of the shift
of the dips with increasing powers. Insets are the selected regions near the resonances. The green
dashed curves correspond to the linear transmission spectra. Corresponding numerical modelling
results are shown in (c) and (d).

7.3.2 Nonlinear pulse propagation modelling

In order to understand the measured optical properties, we performed a pulse propagation
analysis on the Au-�lled PCF by solving numerically the generalized nonlinear Schrodinger
equation (GNLSE) [95] using the split-step Fourier algorithm1. As discussed in section
4.4.2, only the low-loss supermode was measured experimentally. Therefore, in the non-
linear simulation, only the low-loss supermode was considered and modelled with GNLSE.
The complex dispersion and the e�ective nonlinear coe�cient2 of the low loss supermode
which determines the wavelength-dependent attenuation was included with the magnitude
determined from �nite element simulation. Only the silica nonlinearity was included in the
simulation. The simulated results are shown in Fig. 7.7(c) and (d) for the Au-�lled ESM

1More details on the nonlinear numerical methods can be found in Ref [95,211,212].
2The e�ective nonlinear coe�cient is calculated by the overlap integral of the �eld inside the metal
and the dielectric core with the method described in chapter 7 of Ref. [213].
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Figure 7.8: (a) Measured nonlinear transmission spectra for the sample with SPP resonance at
795 nm (same as Fig. 7.7(a)). (b) Simulated result with contribution from only the low-loss
supermode. (c) Simulated result taking both the low-loss and high-loss supermodes into account in
the propagation equation. The orange arrows indicate the directions of the shift of the dips with
increasing input powers

with resonance at 745 nm and 825 nm. As seen in Fig. 7.7(c), a clear dip at ∼ 745 nm and
an asymmetric spectra could be observed. The dip shifted to shorter wavelength for ∼ 4
nm with increasing powers. The SPM features on the long wavelength side can also be seen
in the simulation. On the other hand, a clear red-shift of the dip at 825 nm was observed
in the other �ber (Fig. 7.7(d)). All the observed features were found be in good agreement
with the measured results. We found that the dips near the SPP resonances were induced
by SPM, where they were modi�ed and deepened because of the presence of plasmon reso-
nance. The Raman e�ect was not mainly contributed on the optical e�ect in this particular
structure. Furthermore, the shift of the loss dip is due to the Kerr nonlinearity of silica
and the direction of shift depends on the spectral location of the plasmon resonance with
respect to the pump wavelength. Therefore, we believe that the metal nonlinearity does not
contribute in these experiments.
The same simulation was done for the on-resonance case (Fig. 7.6(c)) and is shown in

Fig. 7.8(b)(experimental results are plotted in Fig. 7.8(a) for comparison). The simulated
results agree qualitatively with the experimental results. However, increase in the strength
of the dips was not evident in the simulations. The discrepancy could be attributed to the
high-loss supermode which may a�ect the absorption of the SPM dip in the on-resonance
case. Therefore, we repeated the simulation by introducing the high-loss supermode in the
propagation simulation by solving two coupled di�erential GNLSEs. It should be noted
that most of the light are con�ned on the metal for the high-loss supermode, and it is
continuously coupled with the low-loss supermode during the propagation. As shown in Fig.
7.8(c), increase in the strength of the dip and the highly asymmetric broadening become
evident by taking into account the high-loss supermode. The results indicated that both
the high-loss supermode and the low-loss mode should be taken into consideration for the
on-resonance case. It should be noted that in this on-resonance case, the laser wavelength
is close to the cut-o� wavelength of the plasmon mode, causing di�culty in the propagation
modelling (as the coupled-mode approach cannot be used above the cut-o� wavelengths)
and discrepancy between simulation and experimental results. Further investigations are
ongoing to simulate this particular on-resonance structure.
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Figure 7.9: Calculated nonlinear coe�cient for the case of (a) empty PCF mode, (b) low-loss
supermode with nanowire in the second ring, and (c) low-loss supermode with nanowire in the �rst
ring

7.3.3 Future direction to access metal nonlinearity

The experimental results presented in this chapter could be explained by the nonlinearity of
silica and the metal nonlinearity in these particular Au-PCF structures may be considered
insigni�cant. However, as discussed in 7.1.1, the metal is considered to have very large
intrinsic optical nonlinearities due to the Fermi smearing e�ects, �ve orders of magnitude
higher than that in silica. With proper design the �ber microstructure, one would be able to
study the metallic nonlinear e�ects in �ber-form, such as nonlinear coupling, nanofocusing,
and soliton formation. The di�culty of our current experiment lies in the balance between
the loss and the coupling of the plasmonic mode. For the PCF with second ring of cladding
holes �lled with gold, the low-loss supermode has a long-nonlinear propagation length of
several cm, but the coupled power on the wire is less than 0.01%. In contrast, the high-loss
supermode has ∼ 1% of its power on the wire, but it is rapidly absorbed making it di�cult
to detect experimentally. Nevertheless, one would be able to obtain the metal nonlinearity
by careful optimization of the design of the �ber microstructure and the location of the
nanowire.
To estimate the e�ect of the position of nanowire, the frequency dependent e�ective

nonlinear coe�cients of the supermode are calculated for the wire located in the second and
�rst ring of the PCF and are shown in Fig. 7.9. The nonlinearity of gold is calculated by the
method mentioned in section 7.1.1. The e�ective nonlinear coe�cient is calculated by the
overlap integral between the �eld of the low-loss supermode and the �eld inside the metal
[213]. As seen from the �gure, the metal nonlinear coe�cient is relatively weak (around
three orders of magnitude lower than silica) if the nanowire is placed in the second ring and
the silica nonlinearity is dominant. However, with �rst ring of the PCF �lled, the nonlinear
coe�cient of gold is comparable to the contribution from silica. By further optimizing the
structure, e.g. by reducing the pitch of �ber cladding or using PM-PCF (section 5.2.1), the
nonlinear e�ect from the metal may further enhanced and become measureable.
Another approach to access the nonlinearity of metal is by utilizing the short sample

length of plasmonic nanowire. This can be done by using a gold-�lled capillary with short
sample length ∼ 20 µm (thin dish of gold-�lled capillary). Preliminary simulation results
show that a spectral nonlinear shift of the laser pulse for more than 20 nm can be observed in
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this kind of gold-nanowire embedded in silica, and the nonlinear optical shift of the pulse is
mainly resulted from the metal nonlinearity [195]. This kind of structure can be fabricated
by the �lling method mentioned in Section 3 with focus ions beam milling to obtain short
length of sample.

7.4 Summary

In this chapter, we present nonlinear measurements of plasmonic-PCF with a single built-in
Au-nanowire. In the CW regime, a power dependent transmission behavior was observed.
The output intensity dropped by ∼ 20% for input powers higher than 100 mW at pump
wavelengths near SPP resonance, suggesting that these Au-PCFs may be useful for designing
power dependent in-�ber absorbers. In the femtosecond regime, we observed a transmission
dip near the plasmon resonance wavelength with high enough input power. A blue-shift of
∼ 6 nm of the transmission dip was observed with increasing input laser power. Numerical
simulations showed that the observed features were due to the Kerr-e�ect of the silica, and
the appearance of the transmission dip was resulted from the enhancement of the self-phase
modulation dip by SPP resonance. The contribution of the metal nonlinearity was found
to be too weak in these particular Au-PCFs. Several modi�cations and directions were
suggested to access the Fermi-smearing induced metal nonlinearity.
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Chapter 8
Conclusion

Metallic photonic crystal �ber (PCF) provides a unique platform to investigate the plas-
monic properties of propagating plasmons. In this thesis, we presented in detail the exci-
tation of surface plasmon polaritons (SPP) on the metallic nanowire integrated in a PCF.
Several optical properties of such gold-�lled PCFs, including the transmission, the plasmonic
scattering, the near-�eld patterns, the transmission loss, the plasmonic hybridization and
the nonlinear transmission, were discussed and compared with simulation results.
The �nding of the studies presented in the thesis are summarized by referring to the aims

outlined in Chapter 1.

Design and fabrication of metallic PCF for e�cient excitation of SPP on nanowire

In order to e�ciently study the SPP properties in metallic PCFs, several �lling and fab-
rication techniques were developed and presented in Chapters 3 and 4. Three di�erent
fabrication techniques and the selective �lling methods were demonstrated. Wires with di-
ameters as small as 100 nm and aspect ratios of 50:1 were selectively integrated into the
cladding hole of the PCF, allowing an e�cient excitation of SPP modes on the nanowire. In
addition, we fabricated a modi�ed step index �ber where a single nanowire is placed adja-
cent to a conventional step-index core. This structure provides a novel platform for exciting
SPP modes, allowing the resonance frequency and strength to be tailored by varying the
pitch and nanowire diameter. The directional coupler geometry allows gentle energy transfer
on to the wire at a rate that can be adjusted precisely by varying the core-nanowire spacing.

Investigation of the linear plasmonic properties and the interaction between the
plasmonic wires

In term of optical properties, the linear plasmonic properties of Au-�lled PCF were �rst
studied in Chapters 4 and 5. We investigated plasmon excitation in a gold-�lled modi�ed
step-index �ber using side scattering measurement technique. We found that the loss was as
low as 0.7 dB/mm at resonance, which corresponds to a long-range hybrid SPP mode. From
coupled mode theory, we found that two eigenmodes exist: one plasmon-like mode with very
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high attenuation and a dielectric-like mode with low attenuation (which we measured in the
experiment). Furthermore, we explored the optical properties in single gold-nanowire �lled
PCF, including an endlessly single mode (ESM) PCF and a polarization maintaining (PM)
PCF. Strongly polarization- and wavelength-dependent transmission was observed in the
Au-�lled PM-PCF. The diameter and position dependence on the plasmonic coupling in
ESM-PCFs were also investigated, showing that the spectral position and the strength of
the plasmon resonance can be precisely tuned in the visible and IR regimes. In addition
to the linear properties of a single plasmonic wire, the interaction between the plasmonic
wires was studied in Chapter 6, where we observed a strong spectral splitting when light
was coupled from the silica PCF core to the nanowire pair. This observation was a result
of the hybridization of plasmonic "orbitals" and leading to the formation of bonding and
anti-bonding states. The modal splitting was more than 90 nm, even though the spatial
separation between the wires is larger than 3 µm.

Study of the nonlinear properties of gold-�lled PCF

We investigated in Chapter 8 the nonlinear properties of Au-�lled PCF by launching
CW and ultrashort pulse laser into the dielectric core of the �ber. A slow nonlinear re-
sponse was observed in the CW regime, where the output transmission drops for high input
laser power at wavelengths around the plasmon resonance. In the femtosecond regime, we
observed a blue-shift of a SPP resonance related transmission dip. Numerical simulation
results suggested that the observed features can be attributed to the Kerr-e�ect of silica,
and the appearance of the transmission dip is a result of the enhancement of the self-phase
modulation dip by the SPP resonance. Although the metal nonlinearity was found not to
be the origin of the nonlinear shift, we believed that the high metal nonlinearity would able
to access by designing the �ber structure and increasing the coupling into the metal.

The results presented in this thesis provide a deeper understanding of the physics of SPP
mode coupling in Au-�lled PCFs, as well as the fundamental science of the propagating
plasmons, which are crucial for the development of in-�ber plasmonic devices. These plas-
monic PCF have many applications, for examples, as in-�ber wavelength selective �lter and
polarizer [77, 157], as nanoscale electrode, as near-�eld scanning optical microscope tips,
as azimuth polarization �lter [214] and as plasmonic based �ber sensor [172, 215�219]. In
addition, Au-�lled PCFs can be useful for fundamental studies on nonlinear plasmonic [195],
quantum plasmonic [63,166,220] and near-�eld optics [139].
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