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Abstract

Physical processes at nanoscale (one millionth of a millimeter) started to attract
strong interest from researchers in the past decade, since manufacturing and observation of such small objects became possible. In particular, plasmonics - the physics
of light interaction with metalhc structures at dimensions much smaller than that
of the visible light wavelength - is one of the hot topics, offering numerous applications and intriguing effects. Plasmonic devices are suggested to substitute current
electronic and photonic components due to their potential for miniaturizing signalprocessing devices including sensors, lasers, and other components for integrated
optics. Moreover, high electromagnetic energy concentration in plasmonic structures gives possibility for achieving a nonlinear optical response at reasonably low
signal power levels, thus providing opportunities for light manipulation and control.
The purpose of this thesis is to study the light propagation in plasmonic waveguiding structures, and to reveal the fundamental effects in both linear and nonlinear
plasmonic waveguides. We focus our analysis on the possibility of tuning and control
over light propagation in such structures at the nanoscale.
Chapter I gives a general introduction to the subject, and discusses the present
state of the art in plasmonics and possible future developments in the field. The
chapter also provides a detailed discussion of aims and purposes of this thesis.
In Chapter II we discuss the basic electrodynamic properties of media, thereby
we give an introduction to the theoretical methods and concepts employed in the
analysis of original results carried out in the scope of this work (Chapters III-VI). We
provide a classification of media, and give brief description of the main properties of
each material type, including dispersion, second and third order nonlinear effects.
The chapter is concluded with an introduction to the physics of surface plasmonpolaritons.
We start our analysis of plasmonic waveguiding structures with the study of
a linear planar metal-dielectric-metal waveguide. Chapter III. We show that the
mode structure and corresponding dispersions strongly depend on the waveguide
width and losses. We provide a classification of modes in the structure, and reveal
that in lossy systems propagating and evanescent modes become mixed and cannot
be distinguished from each other. We also observe mode transformation with the
increase of loss strength, occurring due to several bifurcation scenarios.
In Chapter IV we study multilayer metal-dielectric structures with linear chirp
of the structure period. We analyze light propagation in both short and long struc-
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tures. For short structures we find the spectrum of eigen-rnodes and reveal that
practically all structures with linear gradient of period have equidistant states, corresponding to the Wannier-Stark ladder and manifesting the existence of plasmonic
Bloch oscillations. For long structures we apply an asymptotic analytical method
and find a novel regime of beam dynamics. In particular, we show that for long
hnearly chirped metal-dielectric structures it is possible to achieve different directions of energy flow at different edges of the structure, so that a paraxial beam
propagating in such structure will curl.
Chapters V and VI discuss nonlinear effects of plasmon propagation in waveguiding structures. First, in Chapter V we study both third and second order nonlinear processes in plasmonic systems. We show that in planar metal-dielectricmetal waveguides the third order nonlinear optical response leads to the nonlinear
dispersion of guided modes, depending on the input power level. Moreover, we
reveal the symmetry breaking bifurcation, which occurs at certain power levels.
We also address a more general question of plasmonic beam propagation in nonlinear plasmonic wavegudies and derive an asymptotic analytical model describing
beam propagation in such structures. We employ our model to the study of the
plasmonic beam propagation at the metal - nonlinear dielectric interface and prove
our theory with numerical simulations. We show that at certain power levels the
plasmon-soliton is formed, however due to very strong losses in plasmonic structures
the sohton propagates for very short distances. As for the second order nonlinear
processes, we study the possibility of plasmon to plasmon frequency conversion in
metal-dielectric-metal waveguide supporting plasmonic modes of different symmetry. Our analysis shows that the phase-matching condition between modes with
different symmetry can be satisfied. This indicates the possibility of efficient nonlinear processes, including parametric amplification of plasmons. We discuss the
conditions for plasmon-to-plasmon frequency conversion.
In Chapter VI we study the plasmon propagation in nonlinear tapered waveguides. We show that for certain taper shapes it is possible to achieve the effective
compensation of plasmon amplitude decay. Depending on this condition we reveal
three regimes of plasmonic beam propagation in nonlinear tapers, and show that
the tapering allows sohtons to propagate for reasonably long distances, and at particular conditions three-dimensional nanofocusing in two-dimensional waveguides is
possible.
Finally we conclude the thesis with a brief summary of the main results and the
outlook for the future of plasmonics in Chapter VII.
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CHAPTER 1

..ntroduction to plasmonics

"But what is plasmonics? You just
have Maxwells equations, some
material properties and some
boundary conditions, all classical
stuff - whats new about that?
... No new fundamental particles,
no new cosmology - but surprises,
adventure, the quest to understand
- yes, we have all of those, and
more."
Bill Barnes,

2005

Works related to the optics of metals date back more than a century. Nevertheless, the field is still of great interest these days. Numerous groups all over the world
are involved in the study of the rapidly developing field of nano-optics of metals,
incorporating both plasmonics and metamaterials.
In this Chapter we give a brief overview of the current state of the field of
plasmonics and discuss the main aspects and prospectives of this rapidly growing
branch of nanooptics. We finalize the chapter with the discussion of the purposes
and scope of the thesis.

1.1

The second wind of the plasmonics

In 1998 Thomas Ebbesen from the NEC Research Institute with coauthors published in "Nature" the results of a series of experiments on the "extraordinary optical transmission through a sub-wavelength hole array" [1]. In this work the authors
presented an experimental study of an interesting effect diverging from known theoretical predictions. They studied the transmission of visible light through a thin
metallic film perforated with an array off subwavelength apertures. In the theory
developed by Bethe and Bouwkamp [2-5] the transmission efficiency through a single sub-wavelength aperture appears to be proportional to the aperture radius over
the wavelength in the power of four, { r / \ Y , which is in agreement with Rayleigh's
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theory of scattering. Thus, the transmission efficiency through a hole with the radius of about hundred nanometers should be about the tenths of a percent, which
was completely not matching the experimental observation.
The experiments also showed that the transmission resonance is highly dependent on the angle of incidence. Thus the authors came to the conclusion that the
extraordinary transmission occurs due to the excitation of surface plasmons on both
sides of the thin perforated metallic film, which couple resonantly to each other and
provide the enhancement of the transmission. This result excited the optic community, leading to the number of publications and experiments which later formed the
rapidly growing part of nanooptics - plasmonics.
The first publications after Ebbesen's work were related to the the role of surface
plasmons in the mechanism of the enhanced transmission [6 13]. For example,
Refs. [6, 7, 10] provide detailed analysis of the role of surface plasmon-polaritons in
the enhanced transmission. Refs. [8, 9, 14] suggested a rigorous analytical methods,
describing the process of enhanced transmission due to the plasmon excitation; in
Ref. [15] numerical simulations of enhanced transmission were presented. However,
some authors questioned the role of surface plasmons in the enhanced transmission,
explaining the effect in the frame of Fano-type resonance interaction between the
evanescent waveguiding modes and the diffracted fields [11, 13].
The idea that the surface plasmon can be excited due to the coupling of light
to the interface of the perforated metal film and lead to the enhanced transmission
gave rise to the series of experiments and rmmerical studies of various geometries,
including slits [16 19], annular apertures [20 25], and other structures [26 30]. The
grating mechanism of plasmon excitation, in principle, does not require the perforation of the film - the couphng may occur due to the surface corrugation, which
was proved experimentally [31, 32], and considered theoretically [33 35].
The same mechanism was employed to the study of the transmission through
the single aperture surrounded by a regular array of grooves [36 39]. Moreover,
in Ref. [40] authors showed that "playing" with the geometry one may achieve the
beaming of the transmitted light and obtain focusing. This idea can be employed for
the nearfield high resolution imaging and sensing [41 44] in a deep subwavelength
regime.
An overview of the main works of this period can be found in the reviews [45
47]. Hence, we will not focus on the detailed analysis of the literature, but instead
try to look at the problem from a different perspective. Today the fabrication of
the samples and squeezing of light within the dimensions of about lOnm does not
seem to be extraordinary; in 1998 deposition of the 200nm thick metal film and
drilling the 150nm holes was the state of art. The fast technological development of
chemical etching and deposition, focused ion and electron beam milling and drilhng,
made the experimental study of the "mysterious" subwavelength region possible.
This experimental burst was the driving force for revisiting the theoretical predictions in the field and the explanation of the newly observed effects. The theory
of optics of metals is not new - it has been developing for more than a century
without significant breakthroughs. And one may find classical textbooks devoted
to the study of surface plasmon-polaritons, written in the 1980-s [48 50]. The early
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works were based on the well established theoretical concepts, which did not offer
that many novel effects. Although, the theoretical analysis in nanooptics is still
within the frame of classical electrodynamics, it requires more attention to details,
not accounted for by the theories in the past.
Accurate description of complex nanostructures can be achieved with numerical
methods, with a variety of them available commercially. However, the numerical
study of the problem does not reveal the full physical picture of the underlying
processes, and does not provide flexibility for subsequent theoretical predictions.
Numerics appears as an intermediate step between the theory and experiment, with
some researchers even calling it "virtual experiment". The task of accurate theoretical description of complex structures is quite challenging and it makes the physics
more exciting, and in this thesis we will work in the framework of analytical description of fundamental effects in plasmonics.
The number of papers published each year related to plasmonics is growing very
rapidly, e.g. in 1990 there were about 130 pubhcationst in the field of plasmonics,
in 1998 already 690, and in 2009 - 3930! This shows tremendous interest in the
research in this field. There are several reasons for such attention to plasmonics.
The first reason, as was mentioned above, is the rapid technological progress, allowing for the quahtatively new experiments. Another reason is the possibility to
discover something new and potentially useful, and research in this direction is supported by governments and companies. Numerous promising apphcations offered
by plasmonics were already suggested [47, 51 56].
The scope of potential apphcations of nanooptics is presented as a schematic
table in Fig. 1.1. We separate all possible applications into two big closely related
groups: metamaterials and plasmonics. These fields initially emerged and developed
independently, however the progress in metamaterials and the demand of optical
metamaterials lead to the strong correlation between plasmonics and metamaterials
at the nanoscale. Both fields generated designs for the optical cloaks [59, 62, 63],
sensors [64 67], optical lithography [68 72], imaging [73 76] and microscopy [77 79].
The idea of a perfect lens, initially proposed by Pendry for the metamaterials [80,
81], was successfully demonstrated in plasmonics [75, 82]. The study of metallic
nanospheres offers wide opportunities for future medical treatments [83, 84]. Surface
plasmons have been also proposed for prospective lasing applications and for the
enhancement of the light emission properties from quantum dots [85 88].
One of the most promising apphcations plasmonics suggests is subwavelength
integrated circuits for ultrafast and compact optical signal processing and computing. The idea of optical computing has been developed for several decades [89], and
basic elements were designed, including couplers, junctions, optical switches [90 92],
prototypes of optical transistors [93 95] and other components [96, 97]. Functional
devices can be connected with optical waveguides, i.e. fibers. However all these
devices do not allow for miniaturization, due to the light diffraction limit. Thereby,
in dielectric waveguides hght can not be localized in the region smaller than A/2,
which is about 300nm. In contrast to the conventional dielectric photonic circuits.
tData is from the "ISI Web of Knowledge" database, using the search of the papers containing
"plasmon*" topic keyword.

Introduction

to

plasmonics

Metamaterials^
Plasmonics^

Nanoparticles,
medicine^

Integrated circuits,
optical computing,
signal processing^
Sensing, imaging.
microscopy'

Figure 1.1: Schematic table demostrating some of applications of plasmonics and metamaterials. (1) - The Lycurgus cup, stored in British Museum,
(2) - "U" shaped resonators for metamaterials [57], (3) - tumor curing with
gold nanoparticles [53], (4) - schematic of optical computing chip [58], (5) Metamaterial cloaking [59], (6) - schematic of sensing [52], (7) schematic of the
plasmonic switch [60] (8) - waveguides and passive plasmonic elements [61, 61].

1.1 The second wind of the plasmonics

plasmonic components can squeeze light and operate with dimensions much smaller
than the wavelength [52, 56, 98 102], Moreover plasmonic circuits can be milled
directly on the metal surface, which opens up wide possibilities to the commercialization.
In particular, in Refs [61, 99] some basic passive plasmonic components were
designed and measured experimentally, [see Fig. 1.2(a,b)].

Thus waveguides, in-

terconnects, Y-junctions, interferometers and microresonantors milled on the metal
surface, could operate at telecommunications wavelengths (A =

1550nm).

Fur-

thermore, plasmonic elements having metallic parts, can be incorporated within
electronic devices, and as a result they can be controlled electronically [103 106].
In Refs. [103, 104] the successful excitation and detection of plasnions was reported.
In particular, it has been shown that the plasmon propagating along the nanorod
induces current in the semiconductor transistor [104] [Fig. 1.2(d)]; and in Ref. [103]
excitation of plasmon with a quantum dot placed near the nanorod and controlled
with electrical current was demonstrated, Fig. 1.2(c).

t

a

Figure 1.2: Suggested basic plasmonic elements (a) plasmonic waveguides and
interconnects [61, 99] (b) plasmonic microring resonator [61, 99] (c) excitation
of plasmons with quantum dots [103] (d) schematic of plasmon detection [104],

Optical computing and signal processing require designing of active and tunable
components.

One of the possibilities is to incorporate nonlinear materials within

plasmonic devices. However, the nonlinear optical response of such materials is quite
weak, consequently either large optical intensities are required, or the nonlinear
effects should be accumulated over long-range propagation, which in turn limits the
capabilities for miniaturization. In plasmonic structures the electromagnetic field,
being concentrated in small volume, effectively increases the nonhnear response [60,
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107, 108], In Ref. [60] the dynamic control over the plasmon propagation was
reported. Authors have demonstrated the control over the plasmon propagation
along a aluminium substrate loaded with fused silica caused by nonlinear interaction
with the external pump pulse. In order to achieve full control over signal propagation
in plasmonic structures one needs to employ nonlinear plasmon self action. In
Chapters V and VI we discuss the effects of plasmon self action in the waveguiding
structures, caused by the third order nonlinear optical response.
One of the key elements of any integrated circuit is a waveguide. The research
in this direction is quite intensive, and we can name a number of papers suggesting
different waveguiding geometries proposed for various applications. It is possible to
divide all studied plasmonic waveguides into three large groups: metal based, dielectric loaded, and nanostructured waveguides. To the first class of metal based plasmonic waveguides we would include groove [109, 110], wedge [111, 112], thin metallic film and a stripe [113 118], metal-dielectric-metal [119 122], nanorod [123, 124]
waveguides and other simple geometries. This type of wavegudies is relatively easy
to fabricate and allows fine tuning of the propagation properties with the design
of the waveguide geometry (we discuss the properties of linear metal-dielectricmetal waveguide in Chapter III). Dielectric loaded waveguides represent a class of
waveguides, based on metaUic substrate loaded with dielectric waveguiding structures [125 128]. This type of waveguides allows for the guiding of the optical energy
in the dielectric layer, rather than in metalhc substrate, thus increasing the propagation length but decreasing the confinement factor. To the third group we would
relate various structured metalhc waveguides, for example gratings [129 132] and
nanoparticle chains [133 135]. Such waveguides give possibilities for manipulation
of the effective surface plasmon resonance, and provide more opportunities for passive control over the propagation. In particular, in Chapter IV we discuss in detail
hght propagation in one-dimensional metal-dielectric structures, and show that such
structures lead to novel dynamics of the plasmonic beam.
The main limiting factor of plasmonic interconnects and devices is high attenuation of plasmons, due to losses in the metals. From this point of view some
leading scientists are sceptical about the future of this field of optics and rely more
on silicon photonics [136 138]. Nevertheless, several approaches were proposed to
overcome the large energy absorbtion in plasmonic structures. One of them is the
search for the new plasmonics materials [139 141], Currently silver and gold films
are widely used in plasmonic apphcations, however metal alloys and heavily doped
semiconductors may exhibit less losses. The other approach is to incorporate gain
media into plasmonic structures, thus compensating effectively for the plasmon
damping [85, 142 145]. In Refs. [146, 147] it was suggested to implement nonlinear
gain, pumping the signal propagating through metallic nanostructures. In Chapter
V we discuss the possibility of plasmon-to-plasmon frequency conversion in a slot
waveguide, which can be employed for parametric pumping of plasmons. Recently
tapering of waveguides was suggested as another possible way for compensation of
plasmon amplitude decay [148]; in Chapter VI we elaborate this idea further and
discuss the condition for exact plasmon decay compensation.

1-2 The scope and outline

1.2

of the

thesis

The scope and outline of the thesis

The aim of the research carried out in this thesis is to study theoretically the
fundamental properties of light propagating in plasmonic waveguiding structures.
In this work we investigate the propagation of plasmons in both hnear and nonlinear
structures. We discuss the plasmon propagation in planar waveguides and show that
in the hnear regime the properties strongly depend on the waveguide dimensions,
which may contribute to the design of passive plasmonic devices. In the nonlinear
regime we study the plasmon self action and frequency conversion, this analysis can
be employed for the design of active plasmonic nanodevices allowing for fine tuning.
This thesis consists of seven chapters. The schematic structure of the thesis is
shown on the Fig. 1.3.
In Chapter II of this thesis we give a brief overview of the fundamental electrodynamic properties of media, which will be essential for the rest of the thesis. We
mention that materials can be divided into four large groups: dielectrics, metals,
negative index materials and magnetic materials. We analyze the electric permittivity of dielectrics and metals, and give an introduction to the nonlinear effects
in dielectrics, including second and third order nonlinear effects. For metals we
discuss their losses and dispersive properties in the optical frequency domain. We
conclude this Chapter with a brief introduction to the properties of surface plasmonpolaritons (SPPs).
We analyze the plasmon propagation in linear planar waveguides in Chapter III.
In particular, we study the hnear metal-dielectric-metal waveguide, and show that
at certain dimensions of the waveguide a novel regime of wave propagation exists,
supporting forward as well as backward waves. In this Chapter we also discuss the
influence of losses on the plasmon propagation, and study the transformation of
modes and corresponding dependence on the loss magnitude. We show that losses
lead to the "mixing" of evanescent and propagating modes.
In Chapter IV we study multilayer one-dimensional structures. We reveal that
chirped metal-dielectric stacks can support a novel type of Bloch oscillations. We
observe that structures containing a relatively large number of layers allow for the
new waveguiding regime, where the energy flow in one part of the structure is opposite to that in the other part, hence allowing for the beam curling. We demonstrate
that the same effects can be observed in metamaterial-dielectric structures, thus
underlining the fundamental nature of the underlying physics.
Nonlinear effects in planar waveguides are studied in Chapter V. We discuss
waveguides with both quadratic and cubic nonlinear response. We show that in
quadratically nonlinear waveguides the plasmon-to-plasmon frequency conversion is
possible, giving the possibility for efficient second-roder nonlinear processes including parametric amplification of SPPs. For waveguides with cubic nonliriearity we
study the plasmon self-action, resulting in self-focusing of plasmonic beam and the
change of the mode profile, depending on the field intensity.
In Chapter VI we discuss two dimensional tapered plasmonic waveguides. We
show that tapering of the waveguide allows for effective compensation of the plasmon
decay. We find the optimal taper shape where the the plasmon amplitude remains
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Figure 1.3: Schematic graph showing the structure of the thesis and the
connections between the Chapters. After introductary Chapter II, where
we discuss the electromagnetic properties of metals and dielectrics, and give
an introduction to surface plasmons, we study hnear plasmonic waveguides
(Chapter III) and more complex hnear waveguiding systems (Chapter IV).
In Chapter V we discuss the nonlinear effects in plasmonic waveguides; and
Chapter VI describes linear and nonlinear effects in plasmonic tapers.

1.2 The scope

and outline

of the

thesis

constant on the metal- dielectric interface. In nonlinear structure we find three
regimes, depending on the level of the signal power and the tapering strength.
We show that three-dimensional plasmon nano-focusing can be achieved in such
structures.
Finally, in Chapter VII we conclude the thesis with a brief summary of the
results of the undertaken research.

CHAPTER 2

Electrodynamic properties of media

In this thesis we mainly discuss the propagation of hght in metal-dielectric waveguiding strutures. To understand the properties of both metals and dielectrics, including the nonhnear optical response of dielectrics, in this Chapter we give a brief
description of the electrodynamic properties of media, and make a classification of
materials. In the last part of this section we give an introduction to the properties
of surface plasmon-polaritons.

2.1

Materials and their electromagnetic properties

In classical theory the dynamics of electromagnetic field in media without charges
or currents is described by the set of Maxwell equations [149]:

curtkj =

—
c dt

curlH =

cdt
(2.1)

divB = 0

divB = 0,

where the electric displacement (D) and magnetic inductance (B) in a local instanteneous medium are dependent on the electric (E) and magnetic (H) fields via the
material relations:

D = E + 47rP = eE,
(2.2)
B = H + 47rM = / i H ,

here P and M are the electric polarization and magnetization of media, respectively,
induced by the electromagnetic field. Note, that here, for convenience, we present
the equations in the Gaussian CGS units. Further we will provide all our analysis
in these units, if not stated overwise.
Material parameters
together with the Eqs.( 2.1) entirely describe the electrodynamic properties of the structure in the absense of the sources of electrodynamic fields. From the Eqs.(2.2) the simplest classification arises for the bulk
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lossless media, determined by the sign of these material parameters. Consequently,
all materials can be divided into four groups, schematically shown on Fig. 2.1. The
first group is dielectrics having both s and // positive. Remarkably, at optical frequencies dielectrics have no magnetic response (// = 1), which is due to the fact that
internal atomic currents have frequencies in Giga Hertz domain, which is five orders
of magnitude less than frequencies of optical excitation [149, 150]. Another class of
materials found in nature are metals, having negative electric response at optical
frequencies [jj. for the same reasons is 1). The negative electric response occurs due
to the free electrons in metals, which we will discuss later.
The other two groups of materials are associated with the negative magnetic
permeability, however at optical frequencies such materials have not been observed
in nature yet. For a long time scientists were sceptical about the existence of
such materials, until the recent idea of artificial "atoms", which may give negative
magnetic response [151 153]. We can name several breakthrough suggestions which
brought the development of such artificial materials, also known as metamaterials
or left-handed materials, to the optical frequency domain [57, 154 156]. The main
idea is to produce an array of sophisticated metallic structures, in such way that
the impinging radiation would cause the circulation of micro-currents of the metal's
free electrons and thus give the resonant negative magnetic response, determined
by the structure geometry.
Below we will give a simple overview of optical properties of each class of materials.

2.1.1

Electrodynamics of dielectrics. Linear and nonlinear effects.

Dielectrics are materials in which the electrons are bound to the nucleus. Due
to this the concentration of free electrons is less than 10® cm"^^, and thus dielectric
materials are good insulators of electrical current [149, 150]. The electrons in the
atom can be displaced from the equilibrium by external forces, in particular by
the applied electric (electro-magnetic) field. The exact theory of the displacement
of electrons and nuclei under external force is a complicated quantum mechanical
problem. Nevertheless, with a great accuracy the behavior of the atom can be represented by the model of electrons oscillating in the presence of the steady nucleus.
The displaced electron experiences quasielastic restoring force, Fg^asi =
where
q is the elasticity coeflficient determined by the electron band structure. From the
other side, the Lorentz force is acting on the electron in the external electric field,
Fiorentz = —pE, where e is the electron charge. Hence, the equation of motion
for the electron in not polarized molecule influenced by the applied electromagnetic
field can be presented as:
mx + qx = p E ,

(2.3)

here ni is the electron mass, and E is the applied electric field.
Assuming that the electric field is harmonically changing with time, E —> Ee-''^',
and searching for the electron displacement in the form, x ^ xe''^^ we obtain:
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Figure 2.1: materials in nature: dielectrics (/x > 0, £ > 0), metals (/x > 0,
e < 0), negative index materials [57] (/x < 0, £ < 0) and magnetic materials
(fi < 0 , £ > 0)

X =

eE
m{u)Q — uo'^)'

(2.4)

where loq = y/q/m - is the electron eigenfrequency determined by the band structure
of the atom.
The displacement of each electron, x, produces the dipole moment, p = ex.
Each dipole moment gives its contribution to the total polarization of the dielectric
calculated over the unit volume: P = ^ p. Let us assume that the atom consists of
only one electron in this case the formula for the total polarization in Fourier space
can be derived as:
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(2.5)

where N is the density of electrons.
In reahty atoms and molecules consist of a number of electrons in different
bands, and one should take into account the contribution of all electrons. However,
in practice, it is enough to consider only several electrons of the molecule with
different frequencies ojot (different bands), consequently the total polarization is
described by the sum of Lorentz terms:

where Ni
is the density of electrons related to the i-t\i band and producing dipole
moment pj. Factor xi'^) is known as the dielectric susceptibility of media, and in
the general case it is a tensor, describing anisotropic media, properties of which
depend on the polarization of light.
One can notice that the susceptibiHty
depends on frequency lu, the effect
known as frequency dispersion. For the dielectric materials studied in this thesis,
the change of properties in the visible frequency domain is considered to be small,
and we will neglect the frequency dispersion of dielectrics.
From Eqs.( 2.2) and (2.6) we find that:
s{io) = l + Anx{co).

(2.7)

Making an inverse Fourier transform of Eq.(2.6), we get the following relation:
CX3
'(t)^

where xiT) =

Jxir)E{t-T)dr,

(2.^

J

From this relation the meaning of the frequency dispersion is clear - the dielectric
properties of matter in general depend on the field at all previous moments of time.
Analogously, one can show that the material properties at some spatial point may
depend not only on local electric field but on the nonlocal field distribution leading
to spatial dispersion [150]. The latter effect, usually neglected in optics, is of great
interest these days, due to its significant manifestation at the nanoscale [157, 158].
Above we have made a simple analysis of the dielectric response in the presence
of the electric field with small amplitude. Consequently, all the described effects are
linear so that the dielectric susceptibility is field independent. When the electric
field amplitude is large enough the displacement of electrons is not a hnear function
of electric field intensity anymore, and the polarization becomes amplitude dependent [150, 159, 160]. Let us give more detailed insight into the nonlinear effects in
optics.
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In general, the polarization P is a complex function of electric field, but due to
the weak electron response of materials at optical frequencies, the polarization can
be expanded in a series with respect to the electric field:
oc
P^ =

J

oo
X?\T)E,{t

-

T)dr

+

0

j

x f U r u r 2 ) E , { t -

n)Ek{t

-

T2)dT,dT2

+

0

(2.9)

oc

+ J xtlkl{rur2.Ts)E,{t - n)Ek{t - T2)Ei{t - T^)dT,dT2dT-i + ...,
here indices i , j , k . l = 1..3 correspond to the Cartesian coordinates^ In this expansion the first term describes the linear response of media; the second and third
terms are responsible for the second and third order nonlinear effects, respectively.
One can notice that the second order susceptibihty possesses particular properties depending on the system symmetry [150, 161], and in centrally symmetric
media it vanishes, meaning that the second order processes are forbidden. Also,
the susceptibilities in the second and third order terms describe the effects of different orders, and therefore differ greatly by magnitude (approximately 10® m / V ) .
Consequently, either second and third order nonhnear effects dominate in various
materials and they can be studied separately.

Second order nonlinear processes in dielectrics.

Frequency

conversion

Let us analyze the second term of the expression (2.9) more carefully. For the
oo

Fourier spectrum of the electric field, E((j) =

J

, the second order

-oc

polarization P^^' in frequency domain can be presented as follows [161]:
oo

pP\uj)

=

27r

- ^')Ej{uj')Ek{u - io')duj',

j

— CO

where x^,Jk{^•,io',uJ-Lu') = ( i ) ' f

(2.10)

The notation

—oo

used here means that susceptibihty Xi,jk{oJ]uj',uj - io') is determined at frequency co
by the interplay of electric field components at frequencies cu' and uj - lo'.
When the frequency spectra of the fields at different frequencies do not
overlap the total electric field E(t) can be represented as a sum of contributing harmonics. Considering that the field consists of two spectral components,
E(i) =
+
+ c.c.], the wave mixing process, according
to the equation (2.10), gives rise to the polarization components at frequencies
(2c^i), (2^2), (c^i±a;2), (0),.
tindicies j, k are also used to denote the imaginary unit a n d t h e wavcvector, respectively
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One of the most important cases is when the iV2 = 2u;i = 2lo. In this particular
situation the total polarization P^^' is determined only by the contribution of fields
at fundamental (a;) and second harmonic {2lo) frequencies:

(2.11)
=

-u;)E,{2u.')EUio) +

-a;, 2u;)E*{u)E,{2oj)],

where (*) undicates the complex conjugate.
Substituting the expressions for the electric fields and the polarizations (2.11)
into the wave equation for homogeneous media V^E — ^ ^ ^ = 0 (D = E +
+
it is possible to get the set of coupled equations in frequency domain,
describing interaction between spectral components:
2

+

2

+

= 0,

(2.12)

here index i reffers to the frequency components, e{LOi) = (1 + Airxi'^i))- Note that
here we have neglected the time variation of wavepacket caused by the frequency
dispersion.
Even this simple system of equations describes a rmmber of fundamental and
important effects undergoing in second order nonhnear crystals. Among the important effects, which found their application in life, we can name second harmonic
generation, parametric amplification, signal processing and many other effects [161].
Let us analyze the simplest case of plane wave propagating in z direction with
the electric field, polarized along the principal axis of the crystal (having only one
field component). To study the wave propagation it is convenient to work in the
slowly varying envelope approximation:
E{uj,) ^

(2.13)

where fc^ = {ijJi/cYe{ijOi) is the eigen wavenumber defined by hnear wave equation;
and Ai{z) are a slowly varying amplitudes at frequencies iOi,

•«

\23k'-t

Polarizations P{LOi) for this case are expressed as:

F(c^) =

P(2C.-) -

(2.14)

where A A: = k^u: - 2k^ is the phase mismatch, and x^^' = xi^U^) - x''zJz{2uj).
Substituting the Eqs.(2.13) and (2.14) into Eq.(2.12) we derive the system of
coupled equations for the slowly varying amplitudes at fundamental frequency and
the second harmonic:
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Or in canonic representation:
dAiz)
oz
(2.16)

where coupling coefficients are expressed as Cj = —(x<^i)/(2fc(^,c).
From this relation it can be clearly seen that when Afc ~ 0 the mutual conversion
between the first and second harmonic is possible. In the case of exact phase
matching Afc = 0 one can derive the expression describing the evolution of the
envelope amphtudes during propagation:

\A,{z)\ = sech(v/^^),

arg[Ai(2)] =
(2.17)

Co

1^2(^)1 = ^ / ^ t a n h ( y ^ 2 ) ,

arg[^2(^)] = 0.

In the case of the undepleted pump approximation, when the amphtude of the
fundamental wave is not affected by the nonlinearity, the second harmonic field
increases hnearly with propagation, ^12(2;) = jC2A\z, process known as second
harmonic generation.
However, in practice the exact phase matching condition in bulk crystals is not
observed due to the material dispersion, e(2a;) ^ £(LU). Therefore the conversion
has very low efficiency, because the energy oscillates between fundamental frequency
and the second harmonic as a function of z. Several schemes were introduced to
overcome this natural barrier. In Fig. 2.2 we present the schematic representation
of the main approaches to treat the problem. Among the phase-matching schemes
we can name quasi-phase matching, where the phase mismatch is compensated
by the grating, and birefringent phase matching, observed in crystals with certain
anisotropy [161], Although these methods are quite efficient in second harmonic generation they have certain principal limitations. In particular, quasi phase-matching
requires advanced fabrication, and birefringent phase matching does not allow the
colhnear phase matching to take place. Recently another approach was suggested.
In Ref. [162] the phase matching condition was obtained in a nanoguides due to the
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mode dispersion manipulation at nanoscales. In Chapter V we will employ this approach to plasmonic waveguides, and discuss the possibility of plasmori-to-plasmon
frequency conversion.

ferroelectric domains

SH output

FF input

FF k-space
(ordinary)
Phase
matching
u .

SH k-space
(extroordinary)

I -

(C)
Figure 2.2: Several examples of the phase matching mechanisms: (a) periodic
pohng of the crystal, (b) birefringent phase-matching, (c) phase matching in
nanostructures [162]

Third order nonlinear processes in dielectrics.

Self-focusing and soli-

tons
Analogously to the derivations made previously one can obtain an equation for
the third order susceptibility. In this case the four wave mixing process takes place.
However, as it was mentioned above the process of cubic wave mixing is really weak.
In general, the most efficient third order process is the wave self action, i.e. the wave
mixing occuring
{uj + uj - bO = uj) [150]. For this situation two independent third
order susceptibility coefficients may exist, describing two possible ways of wave self
action. Thus the third order polarization can be expressed as follows:
(2.18)
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note, that here for simphcity we have dropped the indices corresponding to interacting field components.
Although, coefficients x f and x'i^ are in principle different, at telecommunications frequencies for isotropic media, it is possible to show that [150]:
=

=

(2.19)

Considering that the electric field is a harmonic function slowly varying with
time, E{t) =
+ c.c], from Maxwell's equations we derive the following
wave propagation equation:
V'E +

duj dt

+

&

+

+ E ' W ) ^ 0,

(2.20)

where the term ^^^^ is the group velocity [150].
Eq.(2.20) is a general equation describing the wave propagation and self action
in cubically nonlinear media, when we neglect the harmonic generation. Among
the fundamental effects described by this equation are self-focusing and defocusing,
light bullets, spatial solitons and other effects [160].
Let us consider the simplest case of transverse electric wave, E = (0,i?y,0),
propagating in the z direction without temporal pulse broadening dE/dt = 0. In
this case, the Eq.(2.20) reduces to a scalar equation:

For the wave-packet with narrow spectrum, or paraxial beam, propagating in
the z direction, it is possible to search for a slowly varying solution with propagation
amplitude, E{x, z) = A{x,
Substituting the slowly varying field into the
Eq.(2.21) and normalizing coordinates to c/w, we get the cubic equation for the
slowly varying complex amplitude A{x, z):
8A

rP A
+ ^
+

= 0,

(2.22)

where k ^ y/e is the wave rmmber in linear regime, a = 3/8x- Note that depending
on the sign of the nonlinear coefficient a, the nonlinear crystal behaves either as a
defocusing (a < 0) or a focusing (a > 0) media. Further in the study of third order
nonlinear effects in plasmonic systems (Chapter V and Chapter VI), we consider
only dielectrics with focusing nonhnearity.
The Eq.(2.22) is a well known nonlinear Schrodinger equation. It has stationary
solution in the form of soHtary wave - spatial soliton [150, 159, 160]:
|A] = -~sech{qy),

(2.23)

where q = V2kAk and Ak is the nonlinear phase shift.
The effect of nonlinearity on the beam propagation can be pictured as an analogy
to an optical lens, see Fig. 2.3. The ordinary diffraction, which is an inherently
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Figure 2.3: Schematic representation of lens analogy for the cubic nonlinear
self action on the beam propagation. Diffraction acts as a defocusing lens,
whereas the Kerr media acts as focusing lens. The soliton is formed when
both effects compensate each other.

linear effect, distorts the wavefront similarly to the defocusing lens, and the finite
width broadens with propagation. The self-focusing cubic nonlinearity, in contrast,
creates a gradient of the refractive index such that the wavefront is bent analogously
to the action of a focusing lens. When both effects interplay, the beam can be selfchannelized and propagate without the change of its profile, and a spatial soliton
is formed. In fact, the nonlinearity induces the waveguide due to the nonhnear
gradient of refractive index, and soliton can be considered as the eigen-rnode of this
self-induced waveguide [160].

2.1.2

O p t i c a l properties of metals

It is well known that metals contain free electrons moving in an electric field
created by a lattice of ions. At room temperatures the oscillations of ions in the
lattice can be neglected, and thus the metals can be described by the model of a
free electron gas, or plasma model [48, 49]. The concentration of electrons for noble
metals, usually studied in nanooptics, is about n = lO^^cm"^ and, consequently, the
interaction of free-electron gas with light can be described by the classical theory.
The simplest approach is to start with the equations for motion of the electron
under the influence of an external electrical field:
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(2.24)

here m, e are the mass and charge of electron, respectively, and 7 is the collision
frequency, responsible for the damping of radiation.
In analogy with the previous Section we derive the expression for the permittivity, describing electric response of the matter:

ui^ + JTLO
where uj^ = Anne^/m.
The latter equation is also known as the Drude model for the free electron
gas [47, 49]. Note that the permittivity of metals is highly frequency dispersive, and
more importantly, has an imaginary part corresponding to the damping of radiation
inside the metal. These two basic properties play a significant role in the study of
plasmonics and rnetamaterials, and in subsequent chapters we will repeatedly face
these effects.
For noble metals an extension to the model should be made, since at very high
frequencies the influence of filled electron bands on free electrons is noticeable and
it causes a residual polarization, which can be taken into account by adding a term

£=

,
U!^ + jTu

(2.26)

note that e = £00 at
Another aspect which is not considered by this model is the transition of electrons from one band to another, the regime of interband transitions occurs for short
visible and ultraviolet wavelengths due to the high energy of impinging photons. In
the frame of classical theory the electron's interband transitions are taken into account by introducing an elastic restoring force, defining the electron eigen-frequency
and resulting in a correction to the polarization, see discussions of the previous paragraph. Finally, these corrections can be incorporated into the the Drude model as
Lorentz oscillator terms - known as Drude-Lorentz model:

In the Fig. 2.4 we plot the frequency dispersion of the dielectric permittivity
of silver calculated by both Drude and Drude-Lorentz models. It is clear that the
real parts described by both models are in good agreement with small deviation
for shorter wavelengths, whereas for the imaginary part of the electric response the
difference between models is significant. This may lead to the errors in theoretical
predictions for lossy systems, especially when comparing to the numerics; usually the
finite-difference-time-domain methods have embedded libraries based on LorentzDrude model (see RSoft commercial software manual, for example). In this thesis
we will base our analysis on a Drude-Lorentz model if not stated otherwise.
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Figure 2.4: The comparison of Drude (curve 1) and Drude-Lorentz (curve 2)
models for real (a) and imaginary (b) parts of the metal permittivity.

The real part of the permittivity is negative, corresponding to the imaginary
part of the index of refraction, which, in turn, means that the bulk metal is opaque.
And therefore the study of physical process in bulk metallic structures in optics is
not of great interest. The main attention in the physics of metals is devoted to the
effects which arise at the boundaries of the metallic structure, or when the structure
is much smaller than the radiation decay length.
As we already know from the previous section the nonhnearities which arise when
the electron shift from the equilibrium are quite large and the restoring elastic force
is not linear any more. At low frequencies free electrons in metals do not feel the
restoring force, and thus the nonlinear mechanism studied previously does not occur
here. In principle, the electron plasma, as known from plasma physics, displays
nonlinear properties by itself, however the nonlinear response in this case is much
weaker than the response of dielectrics. For higher frequencies (upper visible and
ultraviolet), free electrons feel the influence of bound electrons, and bound electrons
are subject to the interband transitions, thus the elastic force acting on the electrons
is very high, the metal nonlinear response is significant, and should be taken into
account [163-165]. In our work we will discuss the effects at telecommunication
wavelengths, thus we will neglect the nonlinear response of metals.

Block oscillations in metals
Previously we discussed the motion of electrons in metals, considering that they
can propagate freely without interaction with the crystalline structure. This approximation allowed us to describe with good accuracy the electric susceptibihty of
metals. However, to study the motion of bound electrons in a metal band theory
should be employed. In this case it is convenient to describe the motion of an electron in terms of a quantum mechanical wave function ip{x) in a periodic potential
created by the ionic lattice V{x) = V{x + A). For simplicity here we consider the
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one dimensional case without taking into account losses in the system. Hence it is
possible to write an equation for an electron with energy £ propagating in a periodic
potential:

Syr^m dx'^

_ v{x)^|J{x) = -e^Pix),

(2.28)

where h is the Plank constant and m is the mass of the electron.
From this equation it is possible to show that the spectrum of electron energies
has allowed bands separated by gaps. Free electrons of metals are in the conduction
band, see schematic of the bands in Fig. 2.5. In 1928 Bloch discussed the problem
of the electron motion in metals under an apphed static electric field, U [166]:
h^
S-TT^m dx'^

_

^

_ eUx]iP{x) = 0.

(2.29)

The applied electric field causes the tilt of the band structure, see Fig. 2.5(b).
Consequently the electron in the conduction band is accelerated by the electric field
and is reflected from the gaps, leading to electron Bloch oscillations. In later works
the rigorous theoretical analysis was carried out. In particular, in Refs. [167, 168]
it was shown that the spectrum of such oscillations is equidistant, the so called
Wannier-Stark ladder. Due to the high losses in metals and the electron scattering
in the ionic lattice, Bloch oscillations have not been observed in metallic structures.
However, recent progress in fabrication of semiconductor superlattices allowed observation of Bloch oscillations of electrons due to a significant decrease of the band
width [169]. Moreover, Bloch oscillations have been predicted and demonstrated in
other systems. In particular, the dephasing processes for electromagnetic waves is
negligible, and this makes the observation of the optical analogue of Bloch oscillations in photonic crystals much easier.
In Ref. [170] it was first suggested that a linear variation of optical path across
a one dimensional photonic crystal (either by changing the refractive index, or by
varying the structural period) could mimic the constant electric field applied to
the electrons in metal, and cause the tilt of the optical bad-gap structure, thus
making it possible to observe optical Bloch oscillations. Later, the optical WannierStark ladder and Bloch oscillations of electromagnetic waves were demonstrated
experimentally in chirped Bragg gratings, see Refs. [171 173].
In Chapter IV we will discuss the possibility of the optical analogue of Bloch
oscillations in metal-dielectric structures and metamaterial-dielectric structures.

2.1.3

Metamaterials in optics

Another two classes in the material classification, shown in Fig. 2.1, have negative magnetic response (/x < 0). As was mentioned, there are no natural materials
having negative magnetic permeabihty in optics. However, recent progress in engineering and physics showed that one can design materials having negative magnetic
response [153]. These materials being artificial are known as metamaterials. We
will further distinguish metamaterials as materials with both material parameters e
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Figure 2.5: (a) Schematic view of the electron band diagram in a crystal, (b)
Bloch oscillations of electron in the metal conduction band under the applied
electric field; equidistant energy spectrum corresponds to the Wannier-Stark
ladder.

and
being negative, known in literature as left handed materials, since the electric
field vector, magnetic field vector and the wave vector comprise a left handed set of
vectors. In such materials the energy flow is opposite to the phase velocity.
The media where the phase flow and the energy flow have different directions was
first proposed by Mandelshtam in 1944 [174]. Later in 1967 Veselago has developed
this idea in more detail. In Ref. [175] he studied an artificial bulk media with
negative electric and magnetic response. From his analysis it followed that there
are no fundamental limits prohibiting the existence of such materials. He showed
that in metamaterials the group and phase velocities are opposite, the Doppler effect
is reversed, as is the refraction at the metamaterial-dielectric boundary. Moreover,
the perfect lens with no fundamental limit on the resolution was predicted [80].
However, since such materials are not observed in nature, the study of electromagnetic effects in this field of physics did not attract much interest until 2000-s
when a group of scientists proposed a design of left-handed media. In Refs. [151, 152]
the authors studied structures with sizes of individual elements much smaller than
the wavelength. Each structural element had a small negative magnetic response
due to the micro-current circulating in the split-ring resonators and negative dielectric response arising from metallic wires. Combining arrays of such artificial
"atoms" they were able to get effective negative magnetic and dielectric responses,
and describe the structure as bulk material, however strongly anisotropic. The first
metamaterials were designed to operate at microwaves. With the development of
technology the sizes of elementary atoms were decreased significantly, making it
possible to create optical metamaterials. There are two promising geometries for
optical metamaterials based on either "U"-shaped resonators [154], or the fishnet
structure [57].
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We identify two mainstream approaches for the study of metamaterials. One is
the theoretical analysis, rmrnerical simulations and the experimental investigation,
aimed to the design of structures with given parameters. The other direction is to
ascribe to the metamaterial some effective parameters and treat the media as a bulk.
In this thesis we will follow the second approach to study fundamental properties
of structures containing metamaterials.
Since metamaterials are artificially created materials it is possible to introduce
a nonlinear response into the structure [176, 177]. Thus, for microwave metamaterials it was shown that a varactor diode, incorporated into the split-ring resonator,
significantly changes the magnetic properties of the material. Moreover, the possibility of nonlinear control of transmission through such materials has been demonstrated [178].

2.1.4

Magnetic materials

Magnetic materials (e ~ 1 and //, < 0) comprise the last group in our classification. These materials reveal their negative response in the microwave frequency
domain (//, ~ 1 at optics). The magnetic response is due to the atomic polarization which can be described as a magnetic dipole. Each dipole, analogously to the
electric dipole, contributes to the magnetization of the material. Magnetic materials usually support two types of waves: rnagnetostatic waves due to dipole-dipole
interaction, and spin waves.
The magnetic dipole is very sensitive to the amplitude of the electromagnetic
field and hence the material may experience strongly nonlinear properties [179, 180].
The study of magnetic materials attracts much attention due to many prospective
applications. One of the most promising directions is spin electronics - spintronics,
which may offer the substitute for today's electronics. The author of this thesis
in the beginning of his research career had several works devoted to the study of
magnetostatic waves in ferromagnetics [181 183]. In several works the nonlinear
transmission of magnetostatic waves has been analyzed. Also the excitation mechanism of second harmonic spin waves by the fundamental magnetostatic waves has
been suggested. However, in this thesis we will not discuss these effects, and will
focus on the study of plasmonic and metamaterial structures in optical frequency
domain.

2.2

Surface plasmon-polaritons at metal-dielectric interface.

Let us consider an interface between a semi-infinite metal and a linear isotropic
dielectric, schematically shown in the inset of the Fig. 2.6. In principal, two types of
waves can be studied independently - transverse magnetic (TM), with one component of magnetic field (p polarized), and transverse electric (TE), with one component of electric field (s polarized), respectively. We search for surface monochromatic
waves propagating along the interface. Since both media have magnetic permeability /x = 1, it is possible to show that surface TE waves do not exist in this case.
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Note, that, in contrast to the metal-dielectric interface, surface T E waves may exist on the metamaterial-dielectric interface (since // is negative for metamaterials).
Hence, we study only transverse magnetic waves at the metal-dielectric interface. In
this case the electric field has two vector components E ^
E^), and magnetic
field has one vector component H = (0, Hy,0). Maxwell's equations for T M waves,
propagating in 2 direction (fields are proportional to
can be presented as:

r)H
=

jhy

(2.30)
=

where £{x) is the dielectric permittivity, e(x) =
for x < 0 and e{x) = e^ for
X. > 0, /? is the plasmon guide index, and coordinates are normalised to c/uj. Note
that
and E^ are 7r/2 phase shifted, and making the substitution E^ —> jE^, it
is possible to get an equation for real-valued field components. The solution of the
system (2.30) in each of the media is written as:

X> 0 :

E,^

E^ = A { p / ,

kI =

(2.31)

where (3 is the surface plasmon wavenurnber, and ki,2 are the transverse wavermmbers.
Applying the boundary conditions of field continuity at the metal-dielectric interface, i.e. [E^{x = 0)] = [Hy{x = 0)] = 0, where [...] denotes jump of the function,
it is possible to derive the dispersion relation for the surface plasmon wavenumber:
= -f^^fl^L.

(2.32)

As we have seen already, the dielectric constant of metals is complex, and at
optical frequencies the real part of the permittivity is negative. Let us assume for
simplicity that the imaginary part e ^ = lm[em]-, corresponding to the losses in
metal, is negligibly small. In this case it becomes clear that surface plasmons can
exist only on the boundary between two media with opposite sign of £. Also the
plasmon guide index (3 is larger than the refractive index of the dielectric y/ea, so that
the plasmon energy decays exponentially away from the interface. Due to the fact
that there is a mismatch between the wavevector of plane waves in the dielectric and
the plasmon wavevector, the plasmon cannot radiate into the surrounding dielectric,
and cannot be excited by the incident light. Hence special schemes for surface
plasmon excitation and detection are required, see, e.g., [47, 49, 52, 184].
In Fig. 2.6 we plot the dispersion relation (2.32) of a plasmon in the lossless
and lossy cases. One can see that at lower frequencies the plasmon wave rmmber is
slightly below the light line, corresponding to a highly delocalized state, known as
Zenneker-Somerfeld waves [47, 49]. At surface the plasmon resonance frequency the
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Figure 2.6: Single interface surface plasnion-polariton dispersion (real part):
lossless case (1) and with losses (2). Inset shows the plasmon-polariton propagating on the metal-dielectric interface. Solid line indicates the light hne,
and the dashed line corresponds to the surfase plasmon-polariton resonance
frequensy.

absolute value of the metal permittivity becomes comparable to the permittivity of
the dielectric, and at this frequency the plasmon wavevnurnber becomes infinitely
large, and the group velocity Vg = d u / d p approaches zero. Hence at this point the
surface plasmon is a localized state on the interface.
For the lossy case we observe a significant change in the dispersion (see curve 2
on the Fig. 2.6). Thus for a free space wavelength of 450ram plasmons propagate for
only 16^771 and the confinement is about 180nm; for the wavelength 1500nm, plasmons can propagate for 1000/im, however they significantly lose their confinement
- it is only 2.6/xm. Consequently, the tradeoff between plasmon confinement and
propagation appears. High confinement is required for plasmonic apphcations, but
due to strong losses the design of plasmonic devices becomes a challenging problem.
Introducing complex structures, such as multilayer waveguides and tapers, helps to
reduce losses significantly, maintaining good localization.

2.3

Summary

We have briefly discussed the electrodynamic properties of media and we have
shown that according to the sign of magnetic permeability and dielectric permit-
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tivity all materials can be divided into four groups. We have underlined that the
electric and magnetic response of media is determined by its internal structure. In
particular, electrons in metals can be described by a free electron gas model, which
contributes to the negative electric response, losses and frequency dispersion. Electrons in dielectrics are bound to the nuclei and experience an elastic restoring force
under the influence of impinging radiation, which at high field amplitudes gives rise
to the nonhnear optical response, including second order and third order nonlinear
effects, leading to frequency conversion, and field self-action, respectively.
On the metal-dielectric interface we found guided waves in the form of the surface
transverse magnetic (having two electric field components) waves - surface plasmonpolaritons. These waves are found to be highly localized in a deep subwavelength
region near the interface at optical frequencies. This high confinement leads to high
decay factors, and damping of plasmons within very short propagation distances.

CHAPTER 3

Linear plasmonic waveguides

Plasmonic integrated circuits allowing miniaturization of optical devices and
increase of their functionalities are of great interest these days. One of the key
components of any integrated circuit is a waveguide, which transfers a signal between
the circuit elements. Thus, the study of plasmonic waveguides is of a fundamental
importance for the design of nanoscale structures and circuits. This problem has
been studied rigorously in hterature, and the modes of basic waveguides have been
discussed and classified. Nevertheless, our analysis shows that not all regimes of
waveguiding have been revealed and the influence of losses on mode dispersion has
not been studied carefully. In this Chapter we revisit the problem of existence of
plasmonic modes guided by metal-dielectric structures and discuss the mechanism
of mode transformation in lossy systems.

3.1

Introduction

Waveguides supporting surface plasmon-polaritons have been a subject of extensive studies, and different types of metal-dielectric waveguides have been suggested
theoretically and demonstrated experimentally (see, e.g., Refs. [109 124, 185]). The
simplest planar plasmonic waveguide is an interface between metal and dielectric
which supports plasmon polaritons; however, as we have discussed in a previous
Chapter, due to losses in metal, an excited plasmon can propagate for only a very
short distances [186]. Introducing a heterostructure such as a three-layer system
helps to increase the propagation distance due to the coupling of plasmons at
the neighboring interfaces and the field localization in dielectric rather than in
metal [47]. Thus, two basic planar geometries are being explored for guiding plasmons, namely, dielectric-metal-dielectric and metal-dielectric-metal structures. In
the past decades, rigorous analysis of these structures has been presented [186
188]. Usually, the analysis of guided modes of plasmonic waveguides is presented
in two limiting cases: (i) idealized systems without losses (see, e.g, Refs. [188]),
and (ii) practical systems when real losses of metals are taken into account, see e.g.
Ref. [118, 189 191].
Early works studied idealized case of lossless plasmonic waveguides and gave
classification of supported modes. In particular, in Ref. [187] the detailed analysis
of eigenmodes, including radiative waves, in thin metallic films sandwiched between
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two semi-infinite dielectrics was presented. Later, Prade et al. [188] developed a
comprehensive analysis of dispersion relations for three-layer structures and studied
possible plasmonic modes in the slot waveguide geometry (metal-dielectric-metal),
as well as in a thin metal film (dielectric-metal-dielectric).
Recent advances in fabrication of plasmonic waveguides required analysis of
realistic lossy plasmonic waveguiding structures. Thus in Refs. [118, 189, 191] the
study of modes and their dispersion in lossy waveguides has been carried out.
In the theory of optical guided waves of dielectric waveguides the study of the
mode propagation in lossy case is in the frame of the conventional generalized approach: first the modal structure and dispersion in the case when no losses are
present are analyzed, and then losses are taken into account, e.g. by means of a
perturbation theory. However, unlike dielectric waveguides with weak losses, the
dispersion of the modes guided by rnetal-dielectric waveguides in both lossy and
lossless cases look seemingly different. The question of the transition from lossless
limit to realistic losses has not been discussed carefully yet.
In this chapter, we consider, as an example of plasmonic structure, the planar
metal-dielectric-metal waveguide, and demonstrate the possible scenarios for dispersion transformation with loss variation in dissipative systems. This problem,
is closely related to the general issue of importance of evanescent modes in the
physics of plasmonic waveguides. In lossy systems, all modes become complex, so
both propagating and evanescent modes, being classified independently in the theory of dielectric waveguides, become strongly mixed in the lossy metal-dielectric
structures.

3.2

Waveguiding structure and basic equations

We study modes guided by the symmetric metal-dielectric-metal plasmonic
waveguide of the width h, which is schematically shown on Fig. 3.1(a). For such
waveguide the variation of the dielectric permittivity across the structure can be
presented in the form,

where h is the slot width,
and Ed are permittivities of metal and dielectric,
respectively. Note that, dielectric permittivity of metal e(w) is a dispersive function
descried by the Drude-Lorentz model (see discussions in Chapter II),
— £oc +
^[fi/{oj"^ — j-yTiUJ - ujf)], here we introduce factor 7 G [0,1] in order to control loss
krength and analyze the transformation of the dispersion curves with loss variation.
We have already seen that plasmons in planar structures are described by the
set of Maxwell equations for T M waves, Eq.(2.30), with the field structure H =
{0,Hy,0)
and E = {E^^.O^E^) [49, 187, 188], Applying boundary conditions of
continuity for the tangential field components, Hy and E^, at the interfaces, we
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Figure 3.1: (a) Schematic of a symmetric plasmonic slot waveguide; (b-d)
Magnetic and electric field profiles calculated in a lossless 40nm wide slot
waveguide for the frequency corresponding to the free space wavelength of
465nm for forward propagating (b) symmetric mode and (c) antisymmetric
modes, and (d) backward antisymmetric mode

obtain the following dispersion relation [187, 188]:
Cd Kr,
tanh

fl

l^d
l^d

-Kdh
Ed

where

=

and

=

{symmetric),
{antisymmetric),

(3.2)

- Ed, l3 - plasmon guide index. Note that we

consider the coordinates normalized to c/uj.
The dispersion relation (3.2) splits into two separate equations describing symmetric and antisymmetric modes with respect to the magnetic field profile.
Since in general case the permittivity is complex,

= e'^ + je'^, with the

imaginary part describing losses in metal, the solutions of dispersion relation (3.2)
is complex as well, /? = /?' + j0".

However, for simple analysis of modes and their

propagation, the losses are usually neglected [188],

0, and only real value
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propagation constants, — /?', are taken into account corresponding to the guided
or propagating modes of the waveguide. This analysis has quite hniited applicabihty
due to high losses in metals.
We base our study on the reciprocity of the system, thus we consider that fields
are represented as F = l/2(Fexpl-j(u;t-/3'z}]exp(-/3"z)+
c.c.), and guide index
is assumed to be always positive, for the simplicity of the analysis. In this case, the
Poynting vector S = Sexp{-2f3"z) should decay along the propagation direction,
hence the imaginary part of the guide index /?" should be positive for forward waves,
z • S > 0, and negative, for backward waves, z • S < 0; this formalism differs slightly
from the approach employed in Ref. [190], however the physical meaning of the
obtained results does not change.

3.3

Lossless slot waveguides

We start our analysis with the simplest case of nonabsorbing metal, i.e. 7 = 0,
and discuss only propagating waves [3 — (3'. Prade et al. [188] have presented
a detailed study of the dispersion relation (3.2) in this case. It was shown that
for 5 = £dl\£m\ > 1
> ^J^spp) there exists only one antisymmetric mode, and
this mode has a cutoff for larger slot widths. For <5 < 1 two modes were found,
one symmetric without cutoff and one antisymmetric with smaller cutoff width.
However, the analysis of the dispersion relation (3.2) for different slot widths shows
novel features not discussed in the previous works.
100 nm

(c)
1.5 2

2.5

3

3.5

4

fi)/cP', lOf- cm-'
Figure 3.2: Dispersion diagrams for slot waveguides: (a) h = 15nm, (b)
h = 40nm, (c) h = lOOnm. Symmetric and antisymmetric modes are marked
on the figures with "a" and "s", respectively. Numbered dots on the plot (b)
indicate the modes shown in Fig. 3.3: (1) backward antisymmetric mode with
index of 4.43, (2)- forward antisymmetric mode with effective index of 9.34.
and (3) - symmetric mode with effective index 11.07. Modes (1-3) co-exist at
the same frequency.

To be more specific, we consider dielectric with refractive index n = 2.5 sandwiched between thick silver plates. We solve dispersion relation taking into account
only propagating waves, j3" = 0, and plot dispersion curves for this structure, see
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Figure 3.3: Magnetic field distribution in lossless case for 40nm slot waveguide for the free space wavelength A = 465nm: (a) backward antisymmetric
mode,(b) forward antisymmetric, and (c) symmetric modes.

Fig. 3.2(a-c). For very narrow slot widths, h = 15nm, we observe the regime predicted by Prade et. al., where for <5 > 1 only one antisymmetric mode exists and
for (5 < 1 only symmetric mode is observed, see Fig. 3.2(a). For relatively wide
slot waveguides, e.g. for lOOnm, we found symmetric and antisymmetric modes, see
Fig. 3.2(c), which exist only for \em\ > Sd, as it was predicted earlier [188]. Note that
for all slot widths, in case of lossless metal, when the \£m\ = £d the plasmon propagation constant for both modes becomes infinitely large,
—> oo, corresponding to
surface plasmon-polariton resonance, lo = oj^pp^ [47].
In the case of waveguides with the slot width varying in the range 35 < h < 50nm
we reveal a new regime where three modes, symmetric, antisymmetric and backward
antisymmetric, coexist as shown in Fig. 3.2(b), for frequencies below surface plasmon resonance,
> 1 [192]. The backward mode is characterized by a negative
slope of the corresponding dispersion curve. The minimum on the dispersion curve
corresponds to the region where the plasmon group velocity, conventionally defined
in the structure without dissipation as Vg = du/dk, approaches zero. The profiles
of all three modes, for the frequency corresponding to the free-space wavelength
A = 465nm, are presented on the Figs. 3.1(b-d). We also have presented the field
distributions of various modes in the system, see Fig. 3.3. The backward antisymmetric mode is less confined to the interfaces, since it has smaller propagation
constants, /3, and its field is concentrated mainly in metal, rather than in dielectric.
The backward nature of this mode is due to the fact that the energy flow in rnetaUic
slabs dominates the energy flow in the dielectric layer. This condition gives the
region of existence of such solutions:

< Z • ?)diel >\x\<d/2 A^PegK^^ [sinh(^dc^) - ^^d] / 2
< Z • ^metal >|rr|>d/2

K2
Kt

/

K^d
1

-

smh{Kdd)

< 1

where < •
stands for integration across the structure, A =
cosh~^(«:d(i/2).
In this case the total energy of the mode is transferred in the direction opposite to
the propagation direction of the phase fronts, the analogous condition was discussed
in Ref. [190].
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We note that similar behavior of the dispersion curves can be found for other
plasinonic structures [193]. Thus, for example, the fundamental mode of the cylintirical nanorod does not experience cutoff with frequency and radius, although the
higher order modes exhibit the degeneracy point on the dispersion curve, depending on the cylinder radius and the mode order, where backward and forward modes
merge [194], Thus the analysis provided in this section can be extended to other
lossy systems.

-0.4

-0.2

0

0.2

0.4

w / c p " , 106 cm-1

1

2

3

co/cP', 106 cm-1

1

(C)

0.6

(b)

2

co/cp", 106 cm-1

(d)

Figure 3.4: Dispersion diagrams of symmetric (c,d) and antisymmetric (a,b)
modes in 40nm lossless slot waveguide. Figures (a) and (c) describe real part
of the dispersion, whereas (b) and (d) correspond to imaginary wavenumbers.
Solid curves indicate propagating modes, whereas dashed curves correspond
to the evanescent modes. Solid black line corersponds to the hght line.

Even for zero losses,
= 0, the dispersion relation for guided modes generally
does not have only propagating mode solutions, but also solutions corresponding to
evanescent modes with (3"
0 (exponentially decaying from the source) [192, 193].
Due to a rapid decay of these solutions in lossless structures, corresponding modes
are usually not taken into account in the mode analysis of plasnionic waveguides,
however such modes are well known in classical electrodynamics being important
for the problem of waveguide excitation. Thus in Refs. [195, 196] evanescent modes
with significant amplitudes were found to be necessary for matching the fields across
the interface, in the problem of coupling into slow-light photonic crystal waveguide
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without transition region. In plasmonic systems, on the other hand, such modes
may play a significant role since their decay rate may become comparable to the
decay of the 'main' modes.
On the Figs. 3.4(a-d) we present the dispersion of real and imaginary wavenumbers for the symmetric and antisymmetric plasrnons in the case of 40nm wide slot
waveguide. In principle, the dispersion equation (3.2) has an infinite number of
evanescent modes, we choose only those branches which are important for the mode
bifurcations discussed in this Chapter.
In our case, lower order evanescent antisymmetric modes exist in the frequency
domain between the light line and the point where propagating antisymmetric modes
merge, see Fig. 3.4(a). It is clearly seen t h a t both backward and forward antisymmetric modes have solutions contirming into the complex space of propagation constants. Moreover, the solutions are complex conjugates, and the imaginary propagation constant is negative for backward antisymmetric branch and positive for
forward branch, which as discussed below defines backward and forward nature of
evanescent waves, see Fig. 3.4(b). We also observe the increase of decay factors,
|/3"|, of evanescent plasmons with the decrease of frequency.
For the symmetric branch, on the Figs. 3.4(c,d) we plot the dispersions of propagating mode, evanescent fundamental and first order modes. Clearly, without
dissipation, 7 = 0, at the surface plasmon resonance frequency /?' ^ 00 for the
propagating branch, and (3"
00 for the fundamental evanescent mode.
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To reveal the influence of losses on the dispersion curves, we consider the case of
small loss strength, 7 < 1. In this case, the propagating modes become complex and
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they merge with evanescent modes forming continuous branches [192, 193]. When
very small losses are added into the system, both synnnetric and antisymmetric
dispersion curves experience bifurcation. The degeneracy point found previously for
the antisymmetric brunch, where backward, forward and evanescent modes merge,
at small losses splits onto the forward and backward branches, Figs. 3.5(a,b) [192].
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Figure 3.6: The dispersion diagram for the symmetric mode in 40nm slot
waveguide, (a) and (b) are real and imaginary parts of the wavenumbers for
small losses 7 ~ 10"^. (c) and (d) - real and imaginary parts at mode mixing
point 7 ~ 0.38. Solid curve corresponds to the fundamental mode, and the
dashed to the first order evanescent mode.

The inclusion of small losses in the case of symmetric mode leads to the
reconnection between zero order evanescent branch and the propagating mode.
Figs. 3.6(a,c) [193]. The reconnection between fundamental propagating and evanescent branches appears at the frequency of surface plasmon resonance and for the
/? —»• 00. Further increase of the loss strength 7 leads to the decrease of the \/3\
for the reconnected branch at the surface plasmon resonance frequency. Already
for 7 ~ 0.037 the guide index for fundamental mode reaches values close to the
guide index of the first order evanescent mode causing the mixing of modes, see
Figs. 3.6(b,d).
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To reveal the n a t u r e of mode mixing we s t u d y t h e evolution of dispersion curves
with gradual increase of loss strength in close proximity to the surface plasmon
resonance frequency, i.e. \\em\-ed\ < 10"^ (see Fig. 3.7(a)). We find t h a t change of
loss strength in the region [0.037, 0.039] leads to the rotation of zero and first order
roots on the complex plane {P\/3"), resulting in t h e change of monotonicity of t h e
corresponding dispersion curves above the plasmon resonance frequency (compare
dispersion curves at 7 ~ 0.038 and 7 ~ 0.039 presented on t h e Figs. 3.7(b,c)).
For loss strengths 7 > 0.039 the monotonicity of t h e dispersions is preserved. At
realistic losses 7 = 1 t h e f u n d a m e n t a l and first-order branches split, not shown here.
Already in this example we can see t h a t the propagation length (1/|/3"|) of t h e
modes, which are normally not considered in lossless m o d e analysis, becomes comparable to t h a t of the 'main' modes of the lossy structure. This is in s h a r p contrast
to optical waveguides, where t h e effect of losses is usually considered as a small pert u r b a t i o n to the lossless dispersion properties of the mode, which manifests itself
mainly in slow mode attenuation. Thus, we conclude t h a t t h e s t a n d a r d approach t o
the study of the optical modes is not convenient in plasmonics, and the full analysis
of the dispersion properties of the lossy waveguide modes should be considered.
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Figure 3.7: Mode mixing diagram, (a) The map of the roots on a complex
plane at 7 = 0.037 and
- \em\ = 3.5 x 10""^, showing that two roots
come close to each other. Real (b) and imaginary (c) parts of dispersions
at 7 = 0.037 (dashed curves) and 7 = 0.038 (solid curves). The green and
red curves correspond to the fundamental mode, and to the first order modes
respectively.

3.5

Plasmonic slot waveguides with realistic losses

Continuing our analysis, we consider realistic losses in t h e s t r u c t u r e 7 = 1 In
this case all solutions of the dispersion relation become complex, (5 = p' + jj3", and
thus we cannot distinguish the propagating and evanescent modes.
As discussed above, small losses lead to t h e merging of the p r o p a g a t i n g m o d e
solutions with the evanescent mode branches. One of the antisymmetric branches
of evanescent modes has negative
, see Fig. 3.4(d). In our convention, negative
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Figure 3.8: Dispersion diagrams for slot waveguides in real systems: (a) h =
Ibnm, (b) h = 40nm, (c) h = lOOnm. Symmetric and antisymmetric modes
are marked on the figures with 's' and 'a', respectively. Numbered dots on
the figure (b) indicate modes which will be studied further in the thesis:
(1) backward antisymmetric mode with effective index 3.2-f.55j, (2)- forward
antisymmetric mode with effective index 6.8+7j, and (3) - symmetric mode
with effective index 7.8+3.5j. Modes (1-3) coexist at the same frequency.
Insets show the imaginary part of effective index.

[3" corresponds to the wave decaying in (and thus the energy fiowing to) negativez direction. Since the corresponding real part of the wavenumber is positive, we
come to the conclusion that the whole corresponding mode is backward, despite
the fact that the dispersion curve slope is positive for lower frequencies [190, 197].
We note that in lossy systems the backward waves can be observed for considerably lower frequencies. Another antisymmetric branch remains forward with loss
increase. At surface plasmon resonance frequency, a; = u^spp, the wavermniber does
not tend to infinity, as in lossless structures, and this feature was widely discussed
in literature [47, 189]. For frequencies approaching the surface plasmon resonance
the decay factors of forward waves increase dramatically, whereas the losses for
backward modes decrease.
Figure 3.8 shows the dispersion curves for the structures with realistic losses.
Only lower order modes with smaller imaginary parts of the wavenumber are shown.
In contrast to lossless case, when the propagating waves existed either below or
above the surface plasmon resonance frequency a;.,pp, the modes are now spread
across the whole frequency domain. In narrow waveguides, i.e. h < 15nm, for
lossy systems two coexisting modes are observed - forward symmetric and backward
antisymmetric. For relatively wide slot waveguides, with h ~ lOOnm, forward
symmetric and antisymmetric modes coexist. For moderate slot widths [Fig. 3.8(b)],
three coexisting modes can be excited: forward symmetric and antisymmetric and
backward antisymmetric waves. Note that at lower frequencies counter-propagating
antisymmetric waves have similar real parts of wavenurnbers, (3', which may be used
in plasmonic couplers.
For forward waves above the surface plasmon resonance frequency the losses
increase dramatically, the inverse behavior is observed for backward antisymmetric
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wave - losses are higher at low frequencies, see insets on the Figs. 3.8(a-c).
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Figure 3.9: (a-c) Magnetic and electric field profiles in lossy 40nm waveguide
at A = 475nm: forward propagating symmetric (a), and antisymmetric modes
(b), and (c) backward antisymmetric mode.

We study the mode profiles for lossy system for the free space wavelength A =
475nm; the results are presented on the Figs. 3.9(a-c). Due to losses the propagation
constant becomes complex and thus the mode profiles assume oscillatory nature,
which is clearly observed on the Fig. 3.9(c). Also due to decrease of guide indices the
modes become less localized compared to the modes in lossless case, see Figs. 3.1(bd).

3.6

Summary

We have revealed that changes of the waveguide dimensions lead to significant
changes of the modes guided by the plasmonic slot waveguide. Moreover, we have
found a regime where three fundamental modes may exist at the same frequency:
forward symmetric, forward antisymmetric and backward antisymmetric modes. In
subsequent Chapter we show that backward modes will lead to novel physics in
multilayer structures and give wider possibilities for nonlinear applications.
We have also revealed that complex modes describing the propagation of surface plasmon polaritons in lossy plasmonic waveguides appear as a mixture of the
originally propagating and evanescent guided modes. We have analyzed the transformation of guided modes when losses vary from zero to realistic values. We have
demonstrated two typical scenarios of this mode mixing through removing degeneracy of the bifurcation point for higher order modes, and through the mode reconnection with further mode crossing, for lower order modes.

CHAPTER 4

Bloch oscillations and beam curling in
multilayer plasmonic structures

In previous Chapter we have shown that aheady in a structure with three layers
the spht of the dispersion curve due to the interaction of plasmons at different
interfaces is observed. Change of the structure dimensions (gap between metal
layers) allowed us to modify the plasmon dispersion. For example, the regime of
the backward waves was predicted in metal-dielectric slot waveguides for certain
gap sizes. One may think of extending this idea further and design heterostructures
which would give more degrees of freedom for the control over light propagation.
In this Chapter we discuss the light propagation in one dimensional metaldielectric and rnetarnaterial-dielectric stacks. We show that such multilayer structures may support new type of optical Bloch oscillations and new regime of beam
propagation, which is not observed in ordinary dielectric structures.

4.1

Introduction

Periodic metal-dielectric and metamaterial-dielectric structures have been studied in a number of papers [198 205]. Studies of the transmission properties of the
metal-dielectric stacks [198, 200] revealed that such structures may exhibit resonant
transmission due to plasmon tunneling through the structure. This effect by itself
is quite remarkable, since every second layer in the structure is made of metal, i.e.
it is opaque. Further it was suggested that these structures can be used as spatial
filters [198] and perfect lenses [75].
It appears that photon in periodic structure, including structures with metals
and metamaterials, behaves analogously to the electron in crystaUine lattice, when
its wavelength is comparable to the structure period. This analogy is responsible
for the formation of transmission bands and prohibited zones (band-gap structure)
of the periodic structure [206]. Moreover, many concepts derived in the solid state
physics can be applied to the study of optical heterostructures. In particular, one
of the fundamental effects, Bloch oscillations, predicted for the electron in metal
under constant applied electric field, was successfully observed in dielectric photonic
crystals (see discussion in Sec. 2.1.2).
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Optical Bloch oscillations were also predicted to occur in metal-dielectric structures [207, 208]. It was shown that the structures with spatially modulated refractive index of dielectric layers can exhibit optical Bloch oscillations [207]. More
complex heterostructures containing coupled dielectric cavities sandwiched between
the metal-dielectric waveguides were also shown to exhibit Bloch oscillations [208],
somewhat similar to those observed in dielectric superlattices [209].
In this Chapter, we study the metal-dielectric structures further, and predict
existence a new type of plasmonic Bloch oscillations occurring in metal dielectric
structures. We also analyse long metal-dielectric structures, containing large number of unit cells, apply an asymptotic analytical method, and find that, in a sharp
contrast to ordinary dielectric structures, in multi-layer structures with the negative dielectric constant, the energy flow may change its direction to the opposite
at the band edges, thus providing novel possibilities for the beam steering in the
transmission band. We also consider metamaterial dielectric structures and observe
similar effects.

4.2 Periodic metal-dielectric structure: Bandgap properties
We start our analysis with the study of periodic one-dimensional stack, schematically shown on the inset in the Fig. 4.1, where thin metal layers of the width hm
are separated by layers of conventional dielectric of the width hd, so that the period
of the structure is defined a.s A = hm + ha [210]. The dielectric permittivity in one
unit-cell of the structure can be presented as,
. X f £m < 0,

X G {Xi,

X, +

hm),

,

.

where £m and £d are the permittivities of metal and dielectric, respectively.
We consider the propagation of TM-polarized monochromatic waves with the
magnetic field vector H = (0,
where Hy{x,z) satisfies the Helmholtz equation,
+
= 0,
(42)
where A is the two-dimensional Laplacian, and the spatial coordinates are normalized to A/27r; A is the free space wavelength.
For a periodic structure we apply the Floquet theorem [206] and search for the
eigen-modes of the Eq.(4.2) in the form of Bloch waves:
=
(4.3)
where the envelope U is periodic, lJ{x + A) = U{x), Kb is the Bloch wavenumber,
and P is the mode guide index [198, 206]. In the i-th pair of layers, the Bloch
envelopes can be presented as,
Um,d{z) =
exp {-jk,m,zd{^ - ^A)) +
- jA)),
^''
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(b)
Figure 4.1: (a) Bloch-wave phase incursion in the transmission regime of the
metal-dielectric stack for different values of propagation constant [3. Inset
shows the magnified part of the plot with the mode crossing, (b) bandgap
diagram for metal-dielectric structure schematically shown on the inset, (c)
spatial velocity 9/3/9A'b for different values of propagation constant.

where the indices m and d correspond to the rnetal and dielectric slabs, respectively,
and the amplitudes am,d and bm,d are found from the boundary conditions at the
interfaces separating the metal and dielectric layers (see, e.g., Refs. [149, 206, 211]).
The Bloch waveiuunber Kb is defined from the dispersion relation.
2cOs{Ki,A)

=

2 COSh(KmKr,)

cosh{Kdhd)

—

(4.5)

where fim.,d =
- £m,d, and (3 is the guide index.
Imaginary solutions for Kb correspond to the waves decaying exponentially
across the structure due to the presence of photonic band-gaps for corresponding
range of (3. Based on Eq. (4.5), we investigate the bandgap properties of the structure with fixed metal film thickness as a function of the dielectric layer width[210].
We consider, as an example, silver layers with permittivity
= - 0 . 8 5 (achieved
at A = 400nTO) and thickness /i„, = 0.5 (i.e., A/47r ~ SOnm) separated by vacuum,
= 1. In this section we are interested in general dynamics of the light in such
strictures, hence we do not take into account losses. The analysis provided further
can be extended to the real lossy systems.
Figure 4.1(b) shows the corresponding bandgap diagram on the parameter plane
{hd,/3)We observe transmission bands due to plasmon-polariton tunneling for

Bloch

oscillations

and beam

curling

in multilayer

42

plasmonic
structures

P > ^/Fd, where the waves are evanescent in both dielectric and metal slabs. For
smaller wavenumbers, when j3 < y/id, plasmon modes do not exist, and the waves
can propagate in dielectric layers. However, due to tunnehng through thin metal
layers, several transmission bands are formed in this regime too.
We assume that the period of the structure is slowly varying. In this case
the modes guided by the structure can be treated as slowly varying Bloch waves.
Thus the magnetic field corresponding to the eigenmode of the Eq.(4.2) with the
propagation constant (5 in the imit cell with the width A can be represented as,
z) =

A { K ) U K { X ) exp

[j{K^x + pz)] ,

(4.6)

where the amplitude yl(A) varies slowly across the structure, [/a is the Bloch function, and K^ is the Bloch number of the periodic structure with the unit cell size
A.
The plane Bloch wave propagating across the structure obtains the phase incursion per period of KhA. We study the Bloch wave phase incursion across the
structure for different values of the propagation constant (3, see Fig. 4.1(a). For the
propagation constants (3 < ^/id we observe several bands. The phase in the first
order band is changing from 0 at the left band edge to tt at the right edge (not
shown here). The increase of propagation constant (3 causes the narrowing of the
higher order bands, and finally at = y ^ they degenerate, where as the first order
band is preserved and broadened. At /? ~ 1.2 the first order band experiences the
transmission resonance, i.e. full transmission for h d > h^For propagation constants above the resonance the phase incursion in the band
is zero, see Fig. 4.1(a). The maximum of the phase is accumulated in the middle of
the transmission band. Its amplitude increases with the increase of the propagation
constant (3, and reaches tt near the second transmission resonance at /? ~ 4.8. Above
that resonance the phase is again growing from 0 to tt in the band (not shown here).
We trace the behavior of the band edges C-(/5) and C + { P ) with a change of
the propagation constant (3 in the region between the two resonances. We observe that right band edge C+ changes the sign of its monotonicity near the turning point marked as O on the Fig. 4.1(b). Consequently, in the region from the
first transmission resonance up to the point O the left
and right (C+) band
edges have the same slopes, i.e. {dC-/d(3){dC+/dP)
> 0. The latter, with the
condition that overall phase incursion is 0 in the transmission region, leads to the
crossing of the modes [210] (see inset in Fig. 4.1(a)). We note here that condition
{dC-/df5){dQ+/dl3) < 0 together with the phase incursion from 0 to tt will also lead
to the mode crossing, such type of behavior is observed in metamaterial-dielectric
structures [212]. For (3 ~ 3.5 (point O), the right band edge C+ changes the sign
of its slope, and {dC-/dky){dC+/dky) becomes negative, hence the mode crossing is
prohibited in that region. Note, that in the conventional Bragg gratings the mode
crossing does not occur.
The total field in the structure can be expressed as a superposition of eigenmodes. For long structures with slowly varying period the eigen-mode spectrum
will be quasi-continuous. Hence, one can speak of beam propagation in the effective
medium with slowly varying parameters. For paraxial beam, i.e. with narrow
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spectrum of corresponding eigen-rnodes centered near
one can introduce the
beam trajectory, which in Fourier space is described with po and Kb{Po)- It is
also possible to define spatial velocity, related to the beam trajectory, defined as
= ap/BK,
It is clear that in the region of mode crossing i/ has different signs at different
sides of the crossing point, and becomes singular at the point itself. As long as the
velocity is related to the energy flow, different directions of the energy flow in the
z-direction at different edges of the band should be observed [210, 212], We plot the
velocity for different values of the propagation constant /?, see Figs. 4.1(c). For p
outside the discussed region of mode crossing the velocity does not change its sign
in the band, thus meaning that energy flow has the same direction at any point of
the band, see Fig. 4.1(c) top. Similar type of the beam evolution can be found in
the stacks of conventional dielectric layers. For P in the region of mode crossing the
velocity profile has the second-order discontinuity with the sign change inside the
band. Consequently, the energy flow in the 2-direction also changes its direction
within the transmission band. The singularity point in the spatial velocity profile
moves from the left band edge to the right edge with the growth of the propagation
constant from the first transmission resonance to point O, see Figs. 4.1(c) bottom
and middle.
In short structures, the spectrum of eigen-modes is highly discrete, consequently
such analysis is not apphcable to the study of hght propagation.

4.3

Plasmonic Bloch oscillations

First we study short structures with relatively small number of layers and large
thickness gradient. We search for locahzed eigen-modes of the structure numerically.
We assume that a finite stack of cirped meatal-dielectric layers is places between
perfect metallic boundaries, i.e H{x = 0) = H{x = L) = 0, where L is the total
length of the structure.
To find the eigenmodes of the structure, we employ the following discretization
scheme of the Eq. 4.2 [213]:
i

+ ^ S ^ K . / ^ ^ K ,

(4,7)

where Xi = iAx are the mesh points with the discretization step Ax and Hy{Xm, z) =
• Such a discretization scheme provides an algorithm convergence [213],
and it avoids excitation of spurious modes in the structure.
In metal-dielectric structures the energy flow, defined as J [E x H]da;, can become
negative, i.e. the energy can propagate in the opposite direction to the propagation
constant P [175]. Consequently, we determine the direction of the energy flow
of each eigenrnode and choose the sign of the propagation constant such that the
energy goes in the positive z-direction. To analyze the light propagation in the
structure we decompose the initial condition in the plane 2 = 0 in the eigenmode
basis using the least squares method.
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(a) Schematic of the chirped layered structure with a linearly

growing width of the dielectric hd- Shaded slabs correspond to metal layers
with the width hm separated by dielectric layers with the width h^.
Schematic of the period variation across the structure.

(b)

Structure with a

linearly changing period is e m b e d d e d into semi-infinite periodic structures
with the periods A;e/t and

respectively.

We study structures with linear chirp of dielectric thickness h^ =
+ iShd,
where i is unit cell number, and 8hd is thickness gradient (see Fig. 4.2). From the
theory of dielectric photonic crystals it is known that structures with linear period
ramp cause the effective tilting of the band-gap structure, thus mimicking constant
electric field applied to the electron in metal, opening up possibilities for observation
of optical Bloch oscillations (see discussions in Sec. 2.1.2).
To find the values of the propagation constant
which correspond to the Bloch
oscillations, we analyze the spectrum of eigenvalues of electromagnetic waves which
can propagate in this layered structure. The Bloch oscillations are expected to
appear at the angles of propagation where the spectrum is equidistant. Practically
for all gradients of the linear ramp of the period we observe several sets of equidistant
states. The equidistant eigenvalues of /? correspond to an optical equivalent of the
Wannier-Stark ladder which is associated with the Bloch oscillations [210].
As an example, we analyze the structure with 40 unit cells with thickness of
dielectric layers changing from hd = 0.2 to hd = 1.6, so that the structure covers the transmission band including the adjacent gap layers, see Fig. 4.2(b). For
this structure we find an equidistant set of the propagation constants f3 centered at
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Figure 4.3: (a) Evolution of the magnetic field amplitude demonstrating plasmonic Bloch oscillations in the structure with 40 unit cells. Oscillations period
is Lj = 23.5. (b) spectrum of the plasmonic Bloch oscillations revealing the
equidistant Wannier-Stark ladder.

/3o ~ 7, as shown in Fig. 4.3(b). Exciting the corresponding modes by a Gaussian
beam, we observe spatial beam oscillations shown in Fig. 4.3(a). We note that in
our case of lossless materials the beam completely reconstructs its shape after each
period of oscillations. The plasnion field is highly confined to the metal interfaces,
demonstrating that such Bloch oscillations appear solely due to the coupling between surface plasmons excited at different interfaces. The distance between the
Wannier-Stark eigenstates A/3 defines the period of oscillations, L^ = 27r/A/?. For
this particular case, we hnd L^ = 23.5, and this value agrees with Fig. 4.3(a).

4.4

Beam curling in metal-dielectric structures

We continue our analysis and study long structures with a large number of
layers and small thickness gradient. The problem in this case can be described
either numerically with the study of eigen-mode spectrum, or analytically applying
asymptotic methods for structures with adiabatically changing period, 5hd —>• 0.
For analytical description it is convenient to study the evolution of Poynting vector
by employing an analogy with a homogeneous medium having gradually changing
refraction index [149, 150].

4.4.1

Geometric optics approximation

In a homogeneous medium, the time-averaged Poynting vector S is tangential
to the beam trajectory. It changes gradually with continuously varying refractive
index, thus defining a geometric ray. In our case, the Poynting vector changes its
direction stepwise within each unit cell, since the dielectric constants of the slabs
comprising the unit cell have the opposite signs. To describe an average behavior
of the energy fiow on larger scale, we consider the Poynting vector and energy
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A

density averaged over the unit cell [212], < S > = ^ / Sdz and < w
0

respectively.
We introduce the average velocity of the energy flow [206, 211]:

A

j

Jwdz,
0

(4.8)
<w>
As long as the width of the unit cell changes adiabatically across the structure,
the average velocity of the energy flow Vg changes quasi-continuously. Therefore,
we can define the rays in the space (A, z) (we note here that due to the linear chirp
of the structure, the spatial coordinate Xi is a linear function of A) as trajectories
along which the average energy < S > is directed. Thus, the ray equation is defined
as follows:
Ve

=

where r = e^z + ex A is the radius-vector describing the ray, t - time in units to ^
to - beam frequency.
In Ref. [211] it was shown that for a paraxial beam the average velocity of the
energy flow coincides with the group velocity defined as
Vg = VKa; = ^ ,

(4.10)

where K = e^P + 6x7^6 is the wave vector, and uj is the angular frequency.
For a fixed frequency u of monochromatic beam we obtain the dispersion relation P — f { K b ) , (see Eq. 4.5), corresponding to the curve in the space {{3, Kb)
described by the wavevector K^, which is analogous to the equifrequency surface for
anisotropic media [214]. Consequently, using Eqs. (4.8), (4.9), and (4.10) we obtain
Vg = Ve and < S > are normal to the curve ky = f{Kf,). The latter condition is
described by the equation,

where < S^ > and < S^ > are the 2 and x components of the Poynting vector
< S >,
is the spatial velocity of the ray.
Relation (4.11) between the Poynting vector components and velocity z/ shows
that when u ^ oo, < Sy > = 0, and the total energy flows along the z-direction
vanishes. On the other hand, when u = 0, the energy flows across the structure
(<
> = 0).
Using Eqs. (4.8) and (4.11), we rewrite Eq. (4.9) as follows:
(h _

<

dt

< w >
(4.12)

dA _ <
dt

< w >

_ - < S,>
< w >

u
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Now we can derive the ray trajectory equation in the space (A, z)

dA
dz

d/3

=

,

dhb

4.13

,

where ^ correspond to the forward and backward propagating waves, respectively.
We note that the motion equation (4.13) can also be derived from the Fermat
principle. We multiply Eq. (4.9) by K^ and using Eq. (4.10), we write the Fermat
principle in the form [214]:
sjKbdr^O,

(4.14)

where dv = e^dz + exdA is the unit vector along the beam trajectory. The Fermat
principle is the principle of least action with the coordinate z playing the role of
time. The Lagrange function L = ±Kb{dA/dz) + /3 is defined accurate to the
full 2-derivative of A. As a result, the unambiguity in the Bloch wavenumber,
Kb = K^"* + l-Km/K does not affect the ray behavior. The Hamilton equations for
the rays can be derived in the form [150]:

(4,5)
dz

dhb

dz

d A

We remind now that /3 remains constant across the structure, consequently
d l 3 / d A
=
0, meaning that the problem is invariant to translation along the layers. Hence, we consider only the first equation, which can be also derived from
general suggestions, assuming that (3 refers to the "energy", being preserved in the
structure and d f S / d l i ' b being the "velocity" of the paraxial beam.
The first equation of the system (4.15) describes difTractionless motion of a
beam with a narrow spectrum centered near the point
The beam motion is
equivalent to the motion of an effective particle in a one-dimensional potential W =
[v'^{A)/2] between left (C-) and right (C+) band edges. As long as the spectrum of
allowed energies near the point
is quasi-continuous for infinite structures with
adiabatically changing width A, the motion remains periodic with the period of
oscillations $ found as,

Cwhere C- and

refer to the band edges, u is defined by Eq. (4.11). Note that the

second order discontinuity in the underintegral expression can be resolved by the
transform A = ^ ^ + ^ ^ c o s ( 0 Using Eq. (4.15) and Eq. (4.16), we calculate the beam trajectories launched
near the left edge of the structure for different 0. For /? = 1.7 we observe the
beam curling near left band boundary, as shown in Fig. 4.4(a). Further increase of
the propagation constant leads to an increase of the curl size, and decrease of the
spatial oscillation period, see Fig. 4.4(b). Finally, at
~ 2.5 the curl reaches the
other transmission band edge forming practically closed trajectory with vanishing
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period of oscillations, see Fig. 4.4(c). Note that near the left edge the energy flow in
the z-direction is negative, but remains positive near the right band edge. Further
increasing the wavenumber results in the opposite process with the curl forming
near the right band edge.
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Figure 4.4: Trajectories of a paraxial beams in the transmission band for
different values of the propagation constants: (a)
= 1.7, (b) /3° = 2.3, and
(c) /30 = 2.5.

4.4.2

Numerical simulations

To complete the analysis of beam propagation in the long metal-dielectric structures we calculate the field distribution in the finite structure. Our previous approach based on the discretization of the wave equation for long structures is computationally intensive, and it is not suitable for the present problem, since the
structure contains a larger number of layers. Moreover for the finite structures with
non-adiabatic change of tfie unit-cell size, the approximation of geometric optics
discussed above is not valid, however we can still apply the Bloch-wave formalism
for describing the beam propagation, including the beam diffraction and formation
of interference patterns. To find the field distribution in the structure, we calculate
the eigenrnodes Hi{z) and corresponding eigenvalues Pi of a finite stack of layers.
There are several known approaches to solve this problem. The first approach is
based on the representation of the field in each slab in the form of the counterpropagating waves. Boundary conditions between the layers define the ratio of the
corresponding wave amplitudes in the slabs. These amplitudes can be represented
in terms of either transfer matrix or scattering matrix formalisms [206, 215]. The
transfer matrix approach can be used for calculating the eigenrnodes and eigenvalues for the structures with a small number of periods, and it is not suitable for
calculating evanescent modes in long enough structures. The scattering matrix approach provides a better convergence, but it also cannot be applied for calculating
evanescent modes in the structures with more than approximately 100 slabs.
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Here we implement another approach based on the Bloch wave formahsm [212],
In Sec. 4.2 we have already demonstrated that for the slowly varying period of the
structure (i.e., SA < A) the eigenmodes can be described by Eq. (4.6) with the
amplitude ^4(A) and wavenumbers /?.
We assume that the structure with a linearly changing period is placed between
two semi-infinite periodic structures, with the period coinciding with that of the
adjacent layers of the structure, see Fig. 4.2. Thus, in each unit cell the field can be
presented as a superposition of the forward and backward propagating Bloch waves,
H;;{x, z) = A{A)U+ix) expij{K,x + 0z))+
(4.17)
B{A)U-ix) expUi-Ka

+ pz)),

where .4(A) and B{A) are the slowly varying amplitudes, U± and K^ are defined by
Eqs. (4.4) and (4.5), respectively.
In the left semi-infinite structure, the fields decay exponentially, and we choose
the amplitudes in the first layer as A{Ai) = 1 and B{Ai) = 0. In the right semiinfinite structure the forward wave vanishes, and this means that ^(A^) = 0 and
B{Ar) = 1; indices Ur correspond to left and right edges of the structure. We
calculate the amplitudes in the adjacent unit cells using the boundary conditions.
Repeating this procedure we find the amplitudes in the whole structure (for more
details, see Appendix A). We note that / n is real in the band, hence the Bloch waves
are propagating, and the modes do not grow exponentially. In a small number of
layers adjacent to the band, K), is imaginary and, consequently, the amphtudes grow
exponentially. We choose relatively small number of unit cells with the parameters
corresponding to the bandgap, so that the amphtudes A^ and B\ remain reasonable
across the structure. We note that the absolute value of the ratio of the amplitudes
of the counter-propagating waves in the band is unity, so that the energy is locahzed
in the transverse direction inside the structure. We trace the dynamics of the Bloch
wave amplitudes from left and right boundaries separately and compare the amplitudes in the middle of the band region. For the eigenmodes with the eigenvalues
(3, the amplitudes of the waves at the left and right edges of the structures become
linearly dependent, i.e..

BjAi

BjAr

= 0.

(4.18)

A=(A.+A,)/2

Using the procedure described above, we find the propagation constants [3 corresponding to the eigenvalues and eigenmodes of the problem. Then, the initial
field distribution is represented as a superposition of the eigenmodes, and the full
structure of the fields can be retrieved.
As an example, we calculate the eigenmodes for the structure consisting of 2500
unit cells with the width of vacuum layers changing linearly from the value h}^ ~ 0.4
to the value hL ~ 1.2, and 5hd
2.8 x 10"^. We note that for the wavelength
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Figure 4.5: Evolution of the magnetic field demonstrating the beam curling
for a Gaussian beam launched at right band boundary (shown by an arrow)
with its spectrum centered at
= 2.3.

A = 400nm, average unit cell size is < A > ~ 80nm and the structure width is
about 200/xm. We assume that a Gaussian beam is launched near the right band
boundary of the structure, see Fig. 4.5. The normalized width of the beam is 1.3,
i.e. about 20 unit cells are exited, with the spectrum centered near
= 2.33. We
decompose the initial field distribution into the superposition of eigerirnodes of the
structure by using the least-squares method. The spectrum of excited eigenmodes is
close to equidistant with spacing of S/3, and accordingly the field restores its shape
after the distance L^ = 27r/(5/3. We plot the magnetic field amplitude averaged over
the unit cell. The beam curling predicted in the framework of the geometric optics
is clearly observed in the numerical simulations [210]. At the beam self-crossing
point we observe an interference pattern created by the forward and backward
propagating waves. The field distribution is restored almost completely after the
first period of oscillations. Our simulations are in good agreement with geometric
optics approximation, see Fig. 4.4(b).

4.5

Bloch oscillations and beam curling in structures with
metamaterials.

Finally we extend the analysis carried out in this chapter to the study of
metamaterial-dielectric structures [212, 216], which attract significant interest in
optics community and allow more degrees of freedom for light manipulation, in addition to those available with ordinary dielectric structures. In particular, series of
recent studies of metamaterial-dielectric structures revealed the existence of a novel
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zero-index band-gap [201 204] associated with one-dimensional photonic crystals
composed of alternating layers of negative-index and conventional dielectrics for
which the averaged refractive index vanishes. Such novel periodic structures demonstrate many intriguing properties, including substantial suppression of the Anderson
localization and long-wavelength resonances [205].
We consider propagation of electromagnetic waves in one-dirnensional layered
structures composed of alternating layers of left-handed metamaterial and conventional dielectric material. We choose the material parameters in such a way that
the average refractive index across a pair of the neighbouring layers vanishes; this
corresponds to the case of the zero average refractive index and associated novel
type of a bandgap [201 204].
Our analysis shows that the band gap diagram for metamaterial dielectric structures can be divided into three regions, depending on the regimes of wave propagation [216]. In particular, we find regimes where waves propagate in both media
(since metamaterials are also transparent), modes are guided by metamaterial slabs,
and surface waves can propagate along metamaterial-dielectric interfaces. We again
study short and long structures with a linear variation (chirp) of the layer thickness
with methods developed previously.

Figure 4.6: Cover page of Applied Physics Letters volume 94 number 16
showing plasmonic beam curling in metal-dielectric structures.

For short structures we find that Bloch oscillations can be observed in all three
regimes of wave propagation [216]. Moreover, the Bloch oscillations on surface
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waves, are similar to the plasmonic Bloch oscillations, associated with the coupling
of surface waves locahzed at the interfaces separating metamaterial and dielectric
layers.
For long structures we employ an asymptotic analytical method and find that
the energy flow in multi-layer stacks with the alternating layers of metamaterial
may have the opposite flow direction at the band edges. Our numerical analysis
proves that the beam curling can be observed for such structures as well [212],

4.6

Summary

We have shown that multilayer structures allow for diverse control over the light
propagation. In particular, we have shown that chirped metal-dielectric structures
exhibit novel regime of the plasmonic Bloch oscillations. For long structures we
have applied the geometric optics approximation and revealed that, in contrast
to dielectric structures, it is possible to achieve opposite energy flow at different
sides of the structure. Our numerical simulations show that this effect opens up
possibility for beam stearing and beam curling. We also have found similar effects
in metamaterial-dielectric structures.

CHAPTER 5

Nonlinear effects in plasmonic waveguides

In Chapters III and IV we have discussed passive hght manipulation in hnear
structures based on design of the structure geometry. However, in many apphcations, including optical computing, signal processing, tunable sensing, the dynamic
control over the light propagation is required. Corresponding control over the light
in the system can be achieved incorporating nonlinear elements into the system.
There are several possibilities for nonlinear manipulation, e.g., high power external
optical pump may change the properties of the media resulting in the propagation
of the signal. Another promising approach, is to employ light self-action. The latter
approach is of great interest and may find many promising applications: all-optical
switches, signal amplifiers, power limiters, filters and many other components for
future optical devices.
We have already seen that light coupled to the metal-dielectric interface can be
squeezed to the scales much smaller than the wavelength (Chapter III). High energy
concentration in small volumes, evokes processes of hght interaction with media at
low power levels of incident light. In particular, recent advance in nanotechnology
suggested that plasmons may be used for enhancing the Raman scattering at the
surfaces (resulting in a single molecule detection) [217, 218]. Plasmons are also used
for increasing light interaction with gain medium (SPASERs, or surface plasmon
nanolasers, were developed using this principle) [85, 88], and for all-optical control
far below the diffraction limit [219, 220].
Although the study of nonlinear process in plasmonics is of great interest, we can
name only limited number of papers discussing this field of optics. First of all, despite the technological breakthrough, the set up of experiment involving nonhnear
plasmonics is still quite challenging. On the other hand, the theoretical investigation is quite complicated, since one needs to study Maxwell equations for TM
waves, where two electric field components present, and the hnear index contrast
is very large. The numerical analysis in this case is also quite limited, due to the
stability problem of numerical tirne-dornain methods being used for study of nonlinear metal-dielectric structures. Consequently in many problems only theoretical
approximations can be employed for the study of nonlinear plasmonic problems.
In this Chapter we study theoretically light propagation in plasmonic waveguides
filled with either cubic (Kerr-type) or quadratic nonlinear dielectrics. For Kerr
nonlinear waveguides, we analyze plasmonic eigen-mode structure and study the
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plasmonic beam propagation. In the waveguides filled with quadratically nonlinear
media we discuss the plasmon frequency conversion.

5.1

Plasmonic waveguides with Kerr nonlinear response

The first reports on the study of Kerr nonlinear effects in the plasmonic waveguides go back to the 1980's. The early works were devoted to the study of the
nonlinear guided waves in lossless two-dimensional metal-dielectric waveguides filled
with Kerr nonhnear dielectric. In particular, Agranovich et al. [221] discussed the
plasmon profile at metal - nonhnear dielectric interface. The authors have assumed
that the nonlinear dielectric permittivity is dependent only on the longitudinal
component of the electric field, and they studied the nonlinear change of the plasmon profile. However, the longitudinal component may become smaller than the
transverse component and, therefore, this assumption is valid only in specific cases.
Stegeman and coauthors [222], in contrast, assumed that nonlinearity is caused only
by the transverse electric field component of the plasmons; this approximation also
has some limitations in their applicability. The problem has further been analyzed
numerically [223, 224] and solved in quadratures [225, 226]. It was shown that
previous approximate methods do not give a complete picture of the mode structure. Based on the uniaxial approximation [222], the studies of nonlinear long-range
plasmon-polaritons in metallic films embedded into nonlinear materials have been
carried out in Ref. [227]. Nevertheless, the modes of the metal-dielectric-metal, or
slot waveguide have not been studied yet.
Later more complex three-dimensional nonlinear systems have been analyzed.
In particular, the temporal effects and the formation of temporal surface-polariton
solitons have been discussed by Boardman et al. [228]. Recently, Feigenbaurn and
Orenstein [229] considered spatial localization of plasmon waves in the planar metaldielectric-metal waveguide geometry with a slot width considerably smaller than the
wavelength. However, authors did not take into account the evolution of plasmonic
beam in the waveguide, which is quite complex due to significant action of losses in
the system.
In this Section we study two problems: we search for the guided waves of the
nonhnear slot waveguide, and analyze the plasmonic beam propagating along the
metal-nonlinear dielectric interface.

5.1.1

Nonlinear guided modes of the metal-dielectric-metal plasmonic waveguide

In Chapter III we have seen that metal-dielectric-metal slot waveguide supports
three regimes of wave propagation depending on the slot width. Thus for small slot
widths below the plasmon resonance frequency only symmetric (with respect to the
distribution of magnetic field) mode exists; for moderate slot widths three modes
exist - symmetric, forward and backward antisymmetric modes, and for relatively
wide slot widths two modes are supported by the waveguide. In this Section we
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Figure 5.1: Dispersion of nonlinear guided modes shown as the total power
flow vs. guide index for A = 480nm,
= -8.25, e^ = 7.84, a =
Slot widths (a) h = 25nm, (b) h = 35nm, and h = 50nm.
Blue curves indicate symmetric modes, green curves correspond to the antisymmetric modes, and dashed blue curves correspond to the asymmetric
modes, respectively.

analyze the nonlinear transformation of these modes in three corresponding regimes
of wave propagation depending on the input power.
Let us consider, again, the metal-dielectric-metal slot waveguide, linear properties of which we have studied in the Chapter III. Now we assume that dielectric slab
has Kerr nonlinear response. To be more specific, we consider nonlinear chalcogenite glass .4,S2.S'e3 with self-focusing nonlinearity confined between two silver slabs.
The dielectric permittivity of the nonlinear slab can be presented as follows:
Snin

+

+K

(5.1)

where Sd = 7.84 is the linear part of the dielectric permittivity, and a = 1.4 x
is the nonlinear coefficient [230].
In this case the Maxwell's equations for plasrnons in the two-dimensional waveguides (Eqs. 2.30 ) can be rewritten in the form:

dH
dx

(5.2)

where e{x) corresponds to the variation of the dielectric permittivity across the
structure {e{x) = £„,, for \x\ > h/2 and £{x) = e„;„ for |x| < h/2). Note that
coordinates are normalized to the c/lo.
Further, in our analysis we will omit losses in the metallic slabs. Although we
have shown in Chapter III that losses in plasmonic structures play significant role
in the formation of dispersion curves and the plasmon propagation, here we address
the fundamental question of existence and the structure of the nonlinear modes
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supported by the slot waveguide. Of course when analyzing the propagation of such
modes one should definitely take into account losses acting in the system, however
this question is out of the scope of this thesis.
To analyze the nonlinear mode structure in the waveguide we solve Eqs.(5.2)
numerically by using shooting method and find the mode profiles for different values
of the guide index and the slot width[231]. To describe the nonhnear dispersion of
guided modes we calculate the total energy flux per unit length in the direction of
propagation,
+00

5 == J

{[Exn]-z)dx.

(5.3)

—00

and plot this value for three different slot widths, corresponding to different types
of linear guided waves, as discussed in Chapter III.
We study the mode structure for the free space wavelength A = 480nm {Sm —
—8.25), so that three mode regime can be observed in linear system for particular
slot width.
First, we analyze the guided modes of the waveguide with relatively small slot
width h = 2bnm when there exists only one symmetric mode in the linear regime.
For this case, we observe that for all values of the guide index /3 > y ^ there appears
an antisymmetric nonlinear mode, see Fig. 5.1(a). Even the total flux for this mode
may vanish, this nonhnear mode has no linear analog, and it requires a finite power
to be excited in the structure. Our analysis reveals that for smaller slot widths (not
shown here) the total energy flux of this antisymmetric mode becomes negative for
all effective guide indices. When the slot width grows, the total energy flux of this
mode becomes positive for some values of /?, see Fig. 5.1(a). The typical mode
profile is shown in Fig. 5.2(c).
For /? ~ 15, a symmetric mode appears, and for larger /? the flux increases up
to its maximum (5 ~ 24kW/m) at /? ~ 17 but then decreases again. Also, at
~ 16 we observe a symmetry breaking bifurcation (at S ~ 20kW/m) which leads
to the appearance of an asymmetric mode and its power decreases monotonously
with (3 [231]. For larger (3 the fleld becomes strongly confined to the interfaces, thus
the interaction between plasmons localized at different interfaces becomes weaker,
so that the dispersion resembles that of a single interface plasmon [224]. Typical
mode profiles of symmetric and asymmetric modes are presented in Figs. 5.2(a,b),
respectively.
For moderate values of the slot width {h = 35nm) three modes exist: symmetric,
forward and backward antisymmetric modes[192]. For such h (see Fig. 5.1(b)), the
character of the symmetric mode and bifurcated asymmetric branch does not change
much. However, the bifurcation point is observed at smaller values of power. Also,
the power of the asymmetric mode reaches its maximum. The mode profiles are
shown in Figs. 5.2(a-d) for the marked points (1-4). Backward antisymmetric mode
(see Fig. 5.1(b), dotted) has a negative flux because the field resides mainly in metal,
see Fig. 5.2(d), and the mode is less confined to the interfaces in comparison to the
forward antisymmetric mode, [see Fig. 5.1(b), and Fig. 5.2(c)]. We note that for
all slot widths there is a range of effective guide indices where several modes at
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Figure 5.2: (a-d) Characteristic profiles of nonlinear plasmonic modes shown
as the magnetic field distribution for different branches of the dispersion
curves marked by points in Fig. 5.1(b).

different powers can coexist.
Further increase of the slot width leads to the degeneracy of the long-wave
antisymmetric branch, hence only forward symmetric and antisymmetric modes
exist. The bifurcation power decreases, and it is observed at 5 ~ ImW/m, see
Fig. 5.1(c).

5.1.2

P l a s m o n solitons

Another class of problems which represent interest is the study of three dimensional systems, i.e. the plasmon localization and beam propagation in the waveguides. Recently, Fegeinbaum and Orenstain suggested a simple model to describe
the transverse localization of plasmonic beam in the slot waveguide [229]. The authors have derived empirically the nonlinear Schrodinger equation and predicted
the existence of plasmon soliton in the waveguide. According to their analysis the
plasmonic beam is squeezed between metallic slabs in one dimension, and localized
in the other due to nonlinear self action. However the authors did not address
the losses, which play significant role, when speaking about the propagation of
plasmons. Moreover the derivation of the main equation is not rigorous. Hence
we revisit this problem, and study the plasmonic beam propagating in the lossy
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Figure 5.3: (a) Schematic of a metal-dielectric interface shown with a transverse structure of the surface plasmon. (b) Geometry used in the numerical
F D T D calculations.

waveguides making more rigorous derivations. We study more general problem and
consider the propagation of plasmonic beam along the metal-dielectric interface.

Theory
We study propagation of a surface plasmori-polariton beam along a metalnonlinear dielectric interface, schematically shown in Fig. 5.3(a). The dielectric
permittivity in such structure can be presented in the form: e{x) = e'^ + ie'^, for
X < 0, and e(,x) = Cnin =
+ a l E p , for x > 0, where e ^ and e'^ are real and
imaginary parts of the dielectric permittivity of metal, respectively.
In general the propagation of the plasmonic beam in the waveguide is described
by the following wave equation for the monochromatic wave:
V ^ E - V ( V •£) + £ £ = 0

(5.4)

where e is a complex permittivity function, depending on both coordinates and the
local field intensity. Note that coordinates are normalized to c/uj.
It is clear that since the dielectric function £ depends of the full vector field E,
where three electric field components interplay, this equation can not be solved analytically. Hence, we make several approximations, which may simplify the solution.
First, we consider that for the paraxial plasmonic beam (the beam width is greater
than the plasmon wavelength), the TM mode structure is preserved, E = (i?^, 0, E^),
so that we neglect the Ey field component. Secondly, we assume that the eigenmode structure of the waveguide is not affected by the nonlinearity, and is described
by the linear plasmodic mode profile (see Sec. 2.2). Although, previously we have
discussed the change of the mode profile under the influence of nonlinearity, here
we may assume that at small powers this change can be neglected with respect to
the nonlinear self action of the beam. Making these approximations we search for
the solution in the form of slowly varying with propagation amplitude:
E = AEo exp(j/32) + 5E exp{j(3z)

(5.5)
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where A is the slowly varying amphtude {\l3{dAldz)\ > \d'^AIdz^\ and dA/dx = 0),
Eq = (^xo, 0,
is the linear plasmon profile, (^E is the small variation to the
linear plasmon profile, and (3 is the plasmon guide index described by the dispersion
relation (2.32).
Substituting Eq.(5.5) into the wave equation (5.4), it is possible to derive the
nonhnear Schrodinger equation [232] (for more details on the derivation see Appendix B):

BA
B"^ A
2jpD— + ~
+ 2I\A\^A + 3TA = Q,

(5.6)

where D =
J El^dx/J
T =
J j{x)\Eo\^dx/J \Eo\''dx and I
=
1/2 f a{x)\Eo\'^dx/ \ |Eopdx, 7 ( x ) is the imaginary part of dielectric constant of
metal, a{x) - Kerr nonlinear coefficient. Equation (5.6) describes the propagation
of the plasmon polariton beam localized at the interface and expanding or focusing
in the transverse direction y. The similar equation but without losses was derived
in Ref. [229] for a nonhnear slot waveguide.
In the linear regime (7 = 0), Eq. (5.6) describes plasmon diffraction with the
ciifTraction coefficient D^is = 1/2/3DRI, where RQ is the beam width. In the lossless
( r = 0) nonlinear ( / / 0) regime, Eq. (5.6) has a stationary soliton solution. This
solution can be presented as A =
, where ^(y) satisfies the equation, 4)yy —
2PDAfl4) + 21 (p^ = 0, Aj3 being a nonlinear correction to the plasmon wavenumber.
Finally, the spatial plasmon-polariton sohton profile is 4){y) =
y), where
q = \/2pDAfl, and the sohton width is Ay ~ 1/(7, which is much larger than the
plasmon transverse width. Ax ~ 1/^/(3"^ — £d- In the lossless case, the soliton peak
intensity is found as |E|^ =
In the presence of losses (P ^ 0), Eq. (5.6) has no stationary solutions, and
the soliton can be treated in a generalized sense as a nonlinear localized wave with
varying parameters [160].

Numerical simulations
To evaluate the applicability of our analytical results, we employ numerical
F D T D simulations and study the propagation of plasmonic beams along a metaldielectric interface for different powers. For the F D T D simulations, we use the
commercial software RSoft with Fullwave package implemented at the Australian
National Supercomputer Facility.
The simulated structure consists of a metal layer and nonlinear dielectric having
a common interface [see Figs. 5.3(a,b)]. We choose the nonlinear dielectric with
Ed = 4.84 and x = 1-4 x lO"^'*^???^/!/^. Such material parameters can be found
in chalcogenite glasses [230]. The metal is chosen to be silver, since it is widely
used for plasmonic applications [47, 54]. The dispersion of metal is modeled by the
Drude-Lorentz formula.
The whole simulation domain is surrounded by perfectly matching layers to
minimize reflection from the edges of the simulation domain. Both the metal and
dielectric layers are 2/xto thick, which is much larger than the plasmon decay into
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Figure 5.4: Magnetic field distribution at the metal-dielectric interface for:
(a) Linear diffraction (low power), Rq = 0.35/im. (b) Self-focusing and soliton
generation for |Ep ~ 3 x
(media 1). (c) Same as in (b) but for
low losses (media 2). Animations corresponding to (b) and (c) show that
soliton formation with gradual increase of the incident power.

either medium for the wavelength of interest. The transverse width of the layers is chosen 8/jm so that the diffraction and soliton formation processes can be
clearly seen without the effect of the boundaries used in the F D T D simulations, see
Fig. 5.3(b).
To excite plasmori-polaritons at the metal-dielectric interface we use a setup
shown in Fig. 5.3(b). We illuminate the structure with a continuous T M polarized
light ( H I t y ) with the free space wavelength A = SOOnm. The source is placed in a
close proximity to the structure, and its transverse dimensions are 0.5 x 0.3/xm^ in
order to create a relatively narrow plasmonic beam with Rq ~ 0.35/im.

Plasmons

are excited by the light scattered on the metal corner. To avoid exciting plane waves
in the dielectric, we place a thin metal screen parallel to the front dielectric facet,
250nm above the metal surface, see Fig. 5.3(b).
To observe the plasmon beam propagation, we plot the field in the interface
plane. Distribution of the magnetic field in this plane is shown in Figs. 5.4(a-c).
Figure 5.4(a) shows the plasmon diffraction with propagation in linear regime. Due
to diffraction and the losses in metal, the plasmon beam decays while propagating
along the surface, the estimated propagation distance is about 5/mi. T h e plasmon is
highly localized near the metal-dielectric interface, the maximum decay length into
the dielectric is about 15nm, see the plasmon transverse structure on Fig. 5.4(a).
The plasmon wavelength obtained from the simulations is A^p = 0.325^m, which
agrees well with the guided index /3 = 2.46 (note that at A = SOOnm, we have
^ - 2 5 + Z1.74).
At low powers, the plasmon beam diffracts, the diffraction length is about 2.5^m.
For larger powers, e.g. |E|2 ~ 2 x lO^V^/im^, we observe the beam narrowing and
self-focusing. Further increase of the beam intensity leads to the soliton generation,
see Fig. 5.4(b); this corresponds to the maximum change of the nonlinear index
a|E|2e-i/2 =

3x|E|V4V£ Ri 0.05, being consistent with the previous nonlinear
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Soliton profiles: analytical (solid) and FDTD simulations (dots), (c) Soliton
intensity vs. the effective index: solid - analytical results; crosses - FDTD
data.
plasmonic results [229, 233]. This change of the refractive index cannot be archived
in conventional dielectric materials, however semiconductor multi-quantum wells
can potentially provide such a high-index change [234].
In our case, self-focusing is clearly observed at Ifim. The generated spatial
soliton propagates about 700 — 800nm and then starts loosing its power due to dissipation, propagating for about 3/xm [232]. Since the process of the soliton formation
is overshadowed by the losses, solely for the presentation purposes we demonstrate
the same dynamics at lower value of losses, taking 7 = 0.1. The results of the
corresponding FDTD simulations are presented in Fig. 5.4(c), where the generated
soliton propagates practically without loosing its energy, and thus preserving its
shape for longer distances, similar to spatial solitons in optics [160]. Although the
spatial sohton exists for longer distances, eventually it decays due to losses, which
cannot be compensated by nonlinearity.
To analyze the effect of losses on the plasmon self-focusing, we trace the variation
of the effective beam width, R, and present the results in Fig. 5.5(a). In the linear
regime (curve 1), the plasmon beam diffracts, this is indicated by a monotonic
growth of the beam width with the propagation distance. In the nonlinear regime,
the beam width decreases reaching a minimum (curve 2), where self-trapping takes
place and the spatial plasmon soliton is formed. For longer propagation distances,
the sohton broadens due to dissipation decreasing its amplitude, but this broadening
is reduced dramatically for low losses (curve 3). We also model the dissipation
processes in the system by solving the Schrodinger equation (5.6) with the help of
beam propagation method [235]. The theoretical results (dashed lines) are in a good
agreement with rmmerical simulations. However, our theoretical model works well
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only for highly locahzed plasmons, i.e. with relatively small free-space wavelengths.
To demonstrate the accuracy of our theoretical analysis we compare analytical
and numerical results by calculating the soliton profiles in the stationary lossless
regime. From our FDTD simulations, we find the normalized intensity x|Ep of
the generated sohton at z ~ l/im and, using the analytical expression for the
soliton amplitude, we extract the nonlinear correction to the wavenumber, A/?,
and plot the corresponding soliton profile in Fig. 5.5(b). It is clearly seen that the
theoretical (sohd) and numerical (dots) results are in a good agreement. In addition,
we calculate the dependence of the soliton intensity on the nonlinear effective index
=
+ A/3 and compare it to the values obtained in numerical simulations. For
different soliton intensities we find the distance over which the phase incursion is
equal to 27r and find the plasmonic wavelength and nonlinear effective index /3nlThe normahzed intensity vs. effective index is presented in Fig. 5.5(c) demonstrating
a good agreement with the FDTD simulations.

5.2

Plasmon-to-plasmon frequency conversion in quadratically nonlinear waveguides

In Chapter II we have shown that nonlinear interaction of light with media, in
certain approximation, can be described by either cubic or quadratic nonhnearities,
responsible for two independent classes of effects. In this section we proceed with the
discussion of plasmons propagating in waveguides with second order nonlinearity.
As it was discussed in Chapter II, the main requirement for the second order
nonlinear effects to take place is phase matching which should be satisfied either
in bulk or in waveguiding structures. Several approaches to achieve efficient phase
matching in crystals and waveguides have been suggested and demonstrated, including the use of birefringence and quasi-phase matching. Many of such methods
have physical limitations, for example, birefringence often does not provide colliriear
phase matching, whereas quasi-phase matching at nanoscales is limited by fabrication challenges. One of the recently discussed novel possibilities of phase matching
is based on tailoring the mode dispersion in nanoscale waveguides [162, 236]. In
particular, it was shown that collinear phase matching between TM and TE modes
becomes possible for the subwavelength dimensions of a slot waveguide [162] or a
high-index guiding slab [236]. However, since a change of polarization is implemented, the effective mode size can not be less than a half of the wavelength.
We apply a novel phase-matching scheme suggested in Ref. [162, 236] to the
case of plasmonic waveguides and to study the possibility of plasmon-to-plasmon
frequency conversion in planar metal-dielectric nonlinear waveguides.

5.2.1

Phase-matching in plasmonic nanoscale waveguides

As an example of plasmonic waveguide, we consider the previously analyzed
metal-dielectric-metal slot waveguide. As we have discussed in Chapter II second
order nonlinear processes occur in media with broken central symmetry, thus we
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Figure 5.6: (a) Schematic of a slot waveguide of the width a. (b) Dispersion
relation for a lOOnm thick lithium-niobate waveguide placed between two silver plates. Blue curve - symmetric branch, red curve - antisymmetric branch.
The inset shows a typical profile of the magnetic field in the structure.

assume that an anisotropic dielectric slab with the thickness h sandwiched between
two semi-infinite metallic slabs, see Fig. 5.6(a). For this structure, the dielectric
permittivity can be presented in the form:

e = <

^mW),
0 0 \
0 8y 0

\ 0

0

e.

/

in metallic layers,
in anisotropic dielectric slab.

T h e dispersion relation for the isotropic slot waveguide was discussed in the
Chapter I, however for the anisoropic waveguide the dispersion is slightly modified:

tanh

K.rf/?,'

(V EmKd^
SmKd

symmetric mode,
antisynmietric mode,

(5.7)

where Kd =
and
=
- Em)^^^, and (3 is the plasrnon guide
index. Note that while discussing the dispersion relations and the possibility of
phase-matching conditions in plasmonic structures we do not take losses into account, however we will consider them below for calculating the resulting conversion
efficiency.
To be more specific, we consider silver for the metal, and lithium niobate LiNbOs
as a nonlinear dielectric (widely used for second-order optical parametric processes).
Lithium niobate is a uniaxial crystal with trigonal synnnetry (having three nonzero
components of the second-order suspensibility tensor in our geometry) [237], and
for nanoscale fabrications it is convenient to orientate the crystalline axis along the
propagation direction since this direction is mechanically most stable [237]. T h e
dielectric constants of LiNbOs are
= 5.52 and e^ = 5.06.
In Fig. 5.6(b), we plot the linear dispersion relations (5.7) for slot waveguide
with lOOnm width. T h e dispersion curves are presented by lower (symmetric) and
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upper (antisymmetric) branches. Typical magnetic field profiles for both branches
are presented in the inset to Fig. 5.6(b).
To reveal the possibility of plasmonic frequency conversion in such a structure,
first we should analyze the phase matching conditions. We calculate the plasmonic
guide indices for the fundamental frequency (FF) and second harmonic (SH) depending on the slot width [238], Fig. 5.7. In Fig. 5.7(a) we plot the guide index vs.
the slot width for free space FF wavelength Aq = 8407im. For this case, we observe
that the exact phase matching between the symmetric and antisymmetric modes
becomes possible for a slot of 40nm. Moreover, in this case the phase matching
occurs between the forward symmetric and backward antisymmetric mode. For the
fundamental frequency at Aq = 1550nm, the linear phase matching occurs for the
slot width h ~ 320nm, and in this case both FF and SH are forward waves. However, the phase matching is not a sufficient condition, and the mode interactions
and overlaps should be studied at the next step, especially when the parametric
interaction involves the modes of different symmetries.
Now we calculate the dependence of the waveguide thickness required for the
exact phase matching on the free-space wavelength of the fundamental wave, and
plot it in Fig. 5.8 (a). We note that the dispersion characteristics can be tuned for
slot waveguides having finite y dimensions. Introducing the y dimension, we can
obtain an extra degree of freedom to satisfy phase matching conditions and reach
optimum efficiency [162].

5.2.2

Plasmon-to-plasmon frequency conversion

As the next step, we calculate the components of the nonlinear polarization
responsible for the second-harmonic generation. We assume that during the parametric interaction the surface plasmons remain T M polarized, i.e E = (E^., 0,
and thus the nonlinear polarization has two components P = (P3.,0, P^). Since
the susceptibility tensor of LiNbOg has three nonzero components d^i, ^33 and ^15
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Figure 5.8: (a) Free-space wavelength vs the slot width in the case of the
exact ])ha.se matching in a plasmonic slot waveguide, (b) Efficiency of the
second-harmonic generation as a function of the propagation distance (or the
device length).

in our geometry, the nonlinear polarization P at fundamental frequency and second harmonic for planar plasmonic structure can be presented as follows [161] (see
Eq.( 2.11)):

P^ = di, mrE^-

+ {E^TE^'],

p - = dsriE^YEl-

+ d-ssiEfTE^,
(5.J

Pl^ =

di^E^E^,

Here the superscripts u and 2uJ correspond to the fundamental and second-harmonic
waves.
To illustrate the interaction between different field components in Eq. (5.8),
in Fig. 5.9 we show the mode profiles at the fundamental frequency and secondharmonics, and study the effect of the mode interaction. According to this diagram,
for the symmetric FF mode, the electric field component
is symmetric, and E'^ is
antisymmetric, whereas for the second-harmonic field the syimnetries are reversed,
namely E'^'^ is antisynmietric, and E^"^ is synmietric. Corresponding polarization
components are shown schematically in Fig. 5.9.
To analyze the interaction of modes at fundamental frequency and the second
harmonic, we substitute the polarizations (5.8) in the corresponding wave equations
(2.12). Considering that linear plasmonic mode is not affected by the nonlinear
interaction, and assuming the slow variation of plasnion amplitude with propagation
we may search for the solution in the form:
{j0,z-juj,t)

(5.9)

where E^Q are the profiles of the linear modes in the guiding structure at the corresponding frequencies, Ai are the amplitudes of FF and SH modes, correspondingly,
i = 1,2;
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Figure 5.9: Structure of modes for the phase-matching in a plasmonic slot
waveguide. The upper row corresponds to the field components of a symmetric mode at the fundamental frequency, lower row - an antisymmetric mode
of the second-harmonic field.

Finally, using the approach suggested in Ref. [239], we derive the equations for
the slowly varying mode amplitudes [238]:
dA
dz
dA2
dz

(5.10)

where A/3 = /?2 - 2/3i is the phase mismatch, and

where e" is the imaginary part of the dielectric permittivity, and
are the corresponding polarizations obtained by substituting linear modes into Eqs. (5.8).
In a sharp contrast to dielectric waveguides, the conversion between the F F symmetric mode and SH antisymmetric mode becomes possible for plasmonic waveguides, as shown in Fig. 5.9. Within the undepleted pump approximation, when the
amplitude at fundamental frequency is not affected by nonlinearity, and also for the
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exact phase matching, A/3 = 0, we obtain
=^l(0)exp(-^l^),

Now we introduce the normalizeci conversion efficiency as follows,

r]

=

Power(2t^)

J E^J^H<l^dx
^yO

Power(a;)

J E^'JH^J,^d.

Dependence of the conversion efficiency on the propagation distance (or the device
length) in the case of the exact phase matching is shown in Fig. 5.8(b). The FF
pump power is 10 M W / m , and the free-space wavelength is A = 1550nm. The
efficiency curve displays a characteristic interplay between the SH generation and
losses, which manifests itself a maximum of the conversion efficiency at ~ 15//m.
We note that equations similar to Eqs. (5.10) can also be derived for the secondorder nonhnear processes with plasmons guided by a thin metallic film embedded
into nonlinear dielectric media. We have analyzed the phase-matching conditions
for this case as well, and have found that, in contrast to the slot waveguide, the lower
branch of the dispersion curves describes an antisymmetric mode, whereas the upper
branch describes a symmetric mode [188]. We have calculated the guiding indices
for various wavelengths and revealed that the phase matching becomes possible
between an antisymmetric FF mode and a symmetric SH mode.

5.3

Summary

We have studied plasmonic waveguides with both second and third order nonlinear response. For the single interface waveguide with Kerr nonlinear response we
studied the propagation of plasmonic beam, and showed that at certain power levels
the plasmon soliton is generated, which is destroyed quite quickly due to action of
losses.
Analyzing systems with second order nonlinear response, we have shown the
possibility of phase matching between plasmon modes with different symmetry, and
showed that the plasmon-to-plasmon frequency conversion can be achieved.

CHAPTER 6

iapered piasmonic waveguides

Plasmonic waveguides experience high losses due to dissipation in the metallic
layers, making the design of plasmonic devices a challenging problem. Several ways
were suggested to overcome this obstacle. In particular, in Refs. [85, 142] it was
suggested to use gain media. Another proposed approach is to implement parametric pumping of light propagating in metallic structures [146]. Both methods of
loss compensation involve quite complex structure design and fabrication (which is
proved by the lack of experimental data).
On the other hand, in optical fiber theory, it was shown that losses can be compensated by the tapering of the waveguide, effectively squeezing the propagating
mode [148, 240]. We extend this idea to the plasmonic waveguides. Moreover we
find that plasmonic tapers, in contrast to tapered optical fibers, allow extreme field
concentration and focusing. High energy concentration may lead to the enhancement of nonlinear effects, discussed in previous Chapter.
In this Chapter we investigate both linear and nonlinear tapered plasmonic
waveguides. We address an important question of the shape of the optimal taper for exact compensation of the attenuation of the plasmon amplitude at the
metal-dielectric interface, and study the propagation of plasmonic beams in nonlinear tapers.

6.1

Introduction

Recently, tapering of the plasmonic waveguides was suggested as an effective
way of nanofocusing of plasmons [241, 242]. Both tapered nanorod waveguides and
plasmonic slot waveguides have been studied theoretically [148, 243, 244]. In particular, in Ref [243] it was shown that in lossless tapered metallic nanorods surface
plasmons slow down towards the thinner part of the rod and stop asymptotically
near the tip. Such a behavior of surface plasmons is associated with a dramatic
growth of the field amplitude towards the taper tip. More detailed studies of the
plasmon nanofocusing in two-dimensional tapered waveguides [148, 244], suggest
that even in lossy systems the field enhancement is still possible. In Ref. [245],
explicit analytical results were obtained for the plasmon nanofocusing in V-shaped
grooves with linearly decreasing groove angles, and the effect of the taper shape on
nanofocusing has been discussed in Refs. [246, 247].
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The theoretical results were confirmed by several experiments [248 251]. Thus,
in Ref. [251] experimental verification of nanofocusing with channel plasmon polaritons propagating along subwavelength metal grooves, tapered synchronously in
depth and in width, has been demonstrated, see Fig. 6.1.

-riW
""

Ui

'^"r'rtll

if;,

Figure 6.1: Near field images of the plasmon nanofocusing in tapered V groove
waveguides, (a) focusing in waveguides with different tapering parameters,
(b) SEM image of a multichannel configuration for delivering nanofocused
and enhanced radiation to four spatial locations via consecutive 5^TO long
Y-splitters [251].

Due to extremely strong fields near the taper tip [148, 243] the enhancement of
nonlinear effects can be achieved at moderate power levels. It was already shown
that it is possible to observe the nonhnear photolurninescence of erbium ions near
the taper tip [252].
In previous Chapter we have seen that spatial control of polaritons can be
achieved by employing nonlinear self-action that manifests itself in the formation
of spatial plasmon-solitons. However, the presence of strong losses in plasmonic
waveguides causes dramatic suppression of plasrnon-soliton formation.
Contirming our discussion of nonlinear light localization and self-focusing in plasmonic waveguides, we show that the plasmon nanofocusing due to waveguide tapering allows manipulating light trapping and guiding, thus controlling the strength of
nonlinear effects. We demonstrate that in contrast to the light focusing in straight
waveguides, an appropriate choice of the taper angle allows an effective compensation of losses with the formation of spatial plasmon-soliton. For larger tapering
angles, we observe significant soliton narrowing leading to three-dimensional spatial
light nanofocusing.
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waveguides

Linear tapers

We begin with the study of hnear two-dimensional tapered plasmonic slot waveguide schematically shown in Fig. 6.2. We assume that the taper is weak, dh/dz
1,
so that variation of the plasmon wavenumber within one plasmon wavelength is
small, \dl3/dz\ -C
which allows the use of the adiabatic approximation [148]. In
this case, the field in the taper can be represented as a slowly varying eigenmode of
planar slot waveguide.
H =

+ C.C.],

(6.1)

where A is the slowly varying amplitude, Hq is the profile of the plasmonic eigenmode, and P is the plasmon guide index, respectively. Note that the plasmonic
mode is TM polarized thus the electric field has two components and magnetic field
has one field component, i.e. Eg = {Exo,0, E;^^) and Hg = {0, HyQ.O). We also
assume that the coordinates are normahzed to c/uj. Both Hq and /3 are defined as
the solutions of the eigenvalue problem for the lossless planar slot waveguide with
the width h{z), see Chapter III. In principle, one should consider slow variation of
the eigenmodes of a lossy system which may differ from the mode defined for the
lossless waveguide. However, for the frequencies well below the surface plasmon
resonance frequency, when the imaginary part of the metal dielectric permittivity
is significantly smaller than the real part, the eigermiodes in a lossy system can be
well described by the eigenmodes in a lossless system with effective decay factor,
P'eff, that we will find below.

Figure 6.2: Schematic of the tapered waveguide. Light incident on the taper
excites a symmetric plasmon mode propagating towards the taper tip.
The planar slot waveguide supports two plasmonic modes - symmetric and antisymmetric, which are defined with respect to the magnetic field distribution [188].
The antisymmetric mode, experiences cut-off with frequency and slot width. Thus,
for the free space wavelength 1500nm, this mode does not exist for waveguide widths
below 150nm. Therefore, we will study the propagation of symmetric mode only.
To find the evolution of slowly varying amplitude A we analyze the energy
balance equation [150]:
- V [ E X H] = E D + HH,

(6.2)
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here (') corresponds to the time derivative.
Substituting Eq.(6.1) into the energy balance equation, integrating it over x from
—oo to + 0 0 , and taking into account that

/

+00

a[E
^

H] • X ,
^ -dx = 0,
dx

X

we obtain the following equation for describing the evolution of the plasrnon amplitude A [240],

+ CXD

where a — f

E^oHyodx is the normalized energy flow in the eigenmode, F =

—00

+00
J £"{EIq + E'^Q)dx describes the losses in the system, and e" is the imaginary part
-00

of permittivity across the structure (e" = 0 in the slot).
This is the main equation describing the dynamics of the modulus of the slowly
varying amplitude A in the linear taper with arbitrary geometry variations satisfying
the adiabatic approximation. In the planar waveguide, the eigenmode does not
change with the propagation, and the values a and F are constants defined for
the particular width of the waveguide. Therefore, it is possible to show that the
modulus of amplitude A decays with the effective decay factor /3"ff = F/2cr, given
via the mode field components as follows:
+00

2 f E^Hyodx
—00
Consequently, the imaginary part of the propagation constant can be well described
by the effective decay factor
depending on the mode profile. In a tapered
waveguide, according to Eq. (6.3), efl'ective losses are described by ^ -|-F. We note
that (J, corresponding to the eigenmode energy flow, decreases with the decreasing
slot width, and this leads to the loss compensation due to tapering. The condition
for complete decay compensation deflnes the shape of the optimal taper [240], where
the amplitude A remains constant:
^ + F= 0
dz

(6.5)

We have solved this equation numerically, considering an example of the symmetric mode excited at the free-space wavelength 1550nm and the dielectric with the
refractive index 2.2 is sandwiched between the silver claddings. Surprisingly, the
variations of slot width for optimal taper are close to linear. Fig. 6.3(a). To demonstrate this. Fig. 6.3(a) also shows the optimal taper angle variations with distance
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Figure 6.3: Optimal angles of tapering for complete loss compensation. Inset
shows the shape the optimal taper; clearly the taper width variations are
almost linear.

from the taper tip. Practically for the whole taper length the tapering angle is
decreasing, however in the close proximity to the tip the angle experiences a rapid
increase. This is due to the fact that effectively losses F are very large in narrow
waveguides, and rapid change of taper width is required in order to compensate the
decay.
Next, we solve Eq. (6.3) and obtain the following expression for the amplitude
change with the propagation distance,

a(z)

(6.6)

We employ this result to analyze the change of the amplitude A in & linearly tapered waveguide with different tapering angles 6, see Fig. 6.3(b). For the angles
well below the average optimal angle, we observe that the amplitude decays with
the propagation, as shown by curve (1) in Fig. 6.3(b), because the losses are not
compensated. On the contrary, for larger angles, such as 9 = 2.2°, we observe the
effect of significant local field enhancement predicted in Refs. [148, 244], see the
curve (3) in Fig. 6.3(b). Finally, when we approximate the optimal taper by a linear taper with the angle 9 = 1.1°, we observe that the amplitude of the plasmon
mode remains nearly constant - curve (2) in Fig. 6.3(b). However, close to the taper
tip we observe some local field enhancement and an abrupt drop in the amplitude
(see inset in Fig. 6.3(b)). This is because the linear approximation for tlie optimal
taper becomes invalid near the tip.
It is important to note that several nanometers from the taper tip, the plasmon
wavelength decreases significantly [243], thus the variation of tfie taper width per
plasmon wavelength is not negligible, and our adiabatic approximation is no longer
valid in that region.
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Tapered nonlinear metal-dielectric-metal waveguide

In order to address the question of plasmon beam propagation and light localization, we proceed with the analysis of a three-dimesional nonlinear taper. The
geometry of our problem is shown schematically in Fig. 6.4. We consider a tapered
Kerr nonlinear dielectric waveguide sandwiched between two metals.

Figure 6.4: Schematic of the three-dimensional plasmon mode focusing in
a tapered metal-dielectric-metal slot waveguide. The focusing occurs in the
horizontal plane, due to a taper, and in the vertical plane, due to the nonlinear
self-focusing. The inset shows the waveguide cross-section with the magnetic
field distribution of a symmetric plasmon mode.

Considering that the waveguide is tapered adiabatically, and making the same
assumptions as we have proposed for planar plasnionic waveguide, i.e. paraxiality
of plasmon beam and the slow transformation of linear plasmon mode profile, it is
possible to derive the governing equation for the slowly varying amplitude of the
plasmonic beam in adiabatically tapered waveguides [253] (for details see Appendix
B):,
dA
..fdadh
(6.7)
+ r -f iV„,„|/i|M = o,
-I + jA
2jCT
dh dz
dy
di
where the I
E^o + E^^
is the effective beam intensity and
= < a{El^
Elof >x is the effective nonlinear coefficient, where < •
corresponds to the
integration over the transverse coordinate x.
Equation (6.7) is the familiar nonlinear Schrodinger equation with the coefficients varying along the propagation direction. Similar equations was derived in
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the theory of pulse propagation in tapered optical fibers [254 256], where it was
shown that a temporal optical soliton launched into a nonhnear fiber can propagate
without a change of its shape and amplitude, since the fiber losses are compensated
by the fiber tapering [254].
Above we have discussed that the condition ^ + T = 0 describes the optimal
taper where complete compensation of plasmon decay is achieved [240]. Moreover,
when the taper angle is larger than the optimal value, an amplification of the wave
amphtude towards the taper tip is observed. In two-dimensional waveguides, we
have identified this regime as focusing of waves which are uniform in the third spatial
dimension. However, in the three-dimensional problem considered here, the decay of
amphtude is additionally caused by spatial beam diffraction in the lateral direction,
making plasmon nanofocusing impossible in the hnear regime. Nevertheless, as we
have discussed in Chapters II and V eflFect of diffraction in transverse dimension can
be compensated by nonlinear self-focusing.
To study the evolution of plasmon waves in our waveguide, we solve Eq. (6.7)
numerically using the beam propagation method. For our numerical simulations
we consider chalcogenite glass [230], sandwiched between two silver plates. The
dielectric constant of chalcogenite glass is £r.hai = 4.84, and the nonlinear coefficient
is
= 1.4 X
We assume that the frequency of light corresponds to
the free-space wavelength of 1550nm, and at 2; = 0 the initial beam profile is taken
to be of a fundamental sohton shape with the peak intensity ]Ep ~ 2 x lO^V^/fim^,
found for the flat slot waveguide [229]. The taper has the width of 600nm at z = 0
and it is decreasing towards the tip.
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Figure 6.5: Variation of (a) normalized amplitude at the beam center and (b)
normalized beam width for three different values of the tapering angle 0: (1)
0.8°, (2) 1.2°, and (3) 1.6°, respectively.

Now we study the amplitude evolution in three different regimes corresponding
to the three different taper angles. For small angles such as 6 = 0.8°, when the
tapering angle is below the optimal value, the losses are not compensated in the
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waveguide. Hence the amplitude decays, as shown by the curve (1) in Fig. 6.5(a).
The analysis of the field distribution at the metal-dielectric interface [see Fig. 6.6(a)]
suggests that the amphtude decay weakens the nonlinear self-action with plasmon
propagation. Consequently, the beam broadening due to diffraction is observed,
see the curve (1) in Fig. 6.5(b). Similar dynamic was observed in the analysis of
plasmon soliton propagation at single interface, see Fig.5.4(b).

Figure 6.6: Variation of the magnetic field in the nonlinear slot waveguide
for two values of the tapering angle: (a) 0 = 0.8° and (b) 0 = 1.2°. (c)
Magnetic field profiles at the input and after 20/nm of propagation. Curves
(1-3) correspond to the same tapering angles as discussed in Fig. 2. Dotted
curve corresponds to the input soliton profile.

When the tapering angle is close to the optimal value, 0 ^ 1.1°, the effective
losses in the system are practically compensated, so that dS/dz -I- F ~ 0. Thus,
the amplitude A remains almost unchanged in the presence of losses, as shown in
Fig. 6.5(a), curve (2). Consequently, the diffraction is dynamically compensated by
nonlinear self-action along the plasmon propagation in the taper. Thus, both the
beam width and amplitude A remain unchanged, see the magnetic field distribution shown in Fig. 6.6(b). The similar effect has been observed in tapered optical
fibers [254, 255]. We note that the taper with the optimal angle does not allow
for the complete effective compensation of losses, so that both the beam amplitude
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and its width still vary slightly with propagation. Several microns away from the
taper tip the beam amplitude is increasing and the width is decreasing (curves 2 in
Fig. 6.5), which is caused by the domination of nonlinear self action over diffraction,
reduced near the tip due to plasmon wavelength decrease.

Figure 6.7: (a,b) Variation of the magnetic field in the slot plasmonic waveguide for the tapering angle 0 = 1.6°, shown for two cross-sections. T h e m o d e
tapering with the b e a m focusing in the lateral dimension y are clearly o b served.

When the tapering angle is larger than the optimal value, we observe an effective
amplification of the mode associated with the so-called nanofocusing effect [see
curve (3) in Fig. 6.5(a)]. In the linear regime, nanofocusing was discussed for twodimensional tapers in Ref. [148]. For the nonlinear taper discussed here, threedimensional nanofocusing occurs when nonhnearity dominates over diffraction, and
the corresponding mode experiences spatial self-focusing [253]. In this case, the
beam width narrows with propagation, and the energy becomes focused in the
lateral dimension y, causing the amplitude A to increase even more than being
expected in the two-dimensional case. The magnetic field distribution at the metaldielectric interface, shown in Fig. 6.7(a), manifests the spatial beam narrowing and
nonlinear amplitude growth. The transformation of the plasmon mode, presented
on the Fig. 6.7(b), reveals the effect of the plasmon superfocusing. Therefore, two
effects - energy focusing due to tapering and spatial beam narrowing with nonlinear
amplitude concentration - are observed simultaneously. The energy concentration is
very high near the tip, thus the cubic approximation for the nonlinear response may
become invalid in this region, and the saturation of nonhnearity should be taken
into account.
Finally, we have studied the effect of the amplitude profile variation for all three
tapering angles. As follows from Fig. 6.6(c), after the propagation for 20//m the
amphtude profile remains unchanged in the case of the optimal taper, whereas both
spatial beam narrowing and nonlinear focusing are observed for larger tapering
angles.
We also note that in all three cases studied above the plasmon wavelength de-
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creases with propagation. Despite this, close to the tip (e.g. within ~ Ifim), a
variation of the plasmon eigenmode may become so rapid that the slowly varying
approximation used above becomes inapplicable for the study of the field distribution in this area.

6.4

Summary

We have studied nonlinear propagation of surface plasrnon polaritons in tapered
slot waveguides with an intensity-dependent dielectric core. We have revealed three
regimes of the wave propagation and focusing defined by different tapering angles.
For the tapering angles below the optimal value, we have observed that the amplitude of the guided mode decays and the mode broadens. For the angles near
the optimal value, the dynamic diffraction is compensated by nonlinear focusing,
and we observe the soliton-like propagation. Finally, for the tapers with the angles
larger than the optimal value, we have observed a novel regime of nonhnear nanofocusing, comprising of a simultaneous amplification of a plasmon mode due to both
nonlinear spatial narrowing and plasnionic nanofocusing due to a taper.

CHAPTER 7

Conclusions

Plasmonic devices, interconnects and waveguiding structures are of great scientific interest and offer a number of unique applications. Due to the possibility to
squeeze light beyond the diffraction limit, plasmonic integrated circuits are among
the most promising candidates for replacing current electronic devices. The research field attracts the attention of various scientific groups allover the world, and
has grown into a separate and rapidly growing branch of optical sciences. In this
thesis we have addressed a number of problems and questions which appear at the
forefront of plasmonics, and we believe that our research contributed significantly
to the study of plasmonic waveguides.
In this thesis we have presented a theoretical study of light propagation in hnear and nonlinear metal-dielectric waveguiding structures. We have shown that
light propagation in finear plasmonic structures strongly depends on the waveguide
dimensions and losses. In particular, the analysis of mode struture of a metaldielectric-metal waveguide showed that the mode structure depends on the slot
width and the dispersion curves are transformed with the change of the loss strength.
We have suggested a mechanism for complete compensation of plasrnon amplitude
decay by tapering of waveguide. In the study of multilayered metal-dielectric structures, we have demonstrated that such structures give possibilities for beam manipulation and allow for plasmonic Bloch oscillations and curling of a plasmonic
beam - an effect which has not been observed in other photonic strutures. This
effect opens up wide opportunities for the design of passive devices controlling light
propagation.
The study of second and third order nonlinear processes in plasmonic waveguides
revealed the possibihties for active tuning of plasmon propagation. For example, we
have shown that the third order nonlinearity leads to mode dispersion with dependence on the input power, and at certain power levels we have observed a symmetry
breaking bifurcation leading to the formation of novel nonlinear asymmetric modes
in the waveguide. We have shown that depending on the power level the plasmonsoliton can be generated at a single metal - nonlinear dielectric interface, however
due to strong losses a soliton could propagate only for a short distance. Tapering
of the waveguide, for certain parameters of tapering, was suggested as an effective
way for the compensation of losses and thus the launched soliton could propagate for significantly longer distances. Moreover, for large tapering angles we have

demonstrated the three-dimensional nanofocusing of plasmons in a two-dimensional
system. Finally, we studied the plasmon-to-plasmon frequency conversion in waveguides with second order nonlinearity. The analysis revealed that the conversion
between modes with different symmetry is possible, which can be employed for the
parametric amplification of plasmons.
We believe that the problems addressed in this thesis could be developed further
and employed to the design of plasmonic devices, allowing subwavelength miniaturization. In particular, the plasmon-to-plasmon frequency conversion discussed in
Chapter V can be applied for the enhancement of plasmons and signal processing at nanoscales. The three-dimensional nonlinear nanofocusing and formation
of plasmon-solitons studied in Chapters V and VI can be employed for tunable
all-optical sensing and probing of objects with dimensions much smaller than the
wavelength.
The analysis of rnultilayered metal-dielectric stacks, provided in Chapter IV,
can be extended further for the design of passive optical components allowing for
spatial light management. Moreover, inclusion of nonhnear response in such structures would give possibihties for the fine tuning of hght propagation through such
structures.

CHAPTER 8

Appendices

8.1

APPENDIX A: Transfer matrix for Bloch waves

In this Appendix we discuss the relation between the Bloch amplitudes Ai and
for the i-th layer and the amplitudes ^o and Bq in the 0-th layer.
We describe the field in the i-th unit cell of the periodic structure with the period
Ai as a Bloch wave Hi{x, z) composed of the counter-propagating components with
the amplitudes Ai and Hi, see Eq. (4.17). We consider the boundary between i-th
and (i-l-l)-th unit cells, i.e. 2 = Zi+i, see Fig. 4.2. The boundary condition at this
interface requires that

Hi{zi+i) = Hi+i{zi+i)
1 dHAz)
1 dH,+,{z)
dz Zi+I £d dz
Zi+l

(AI)

Substituting Eq. (4.17) into Eq. (AI), we obtain:

(A2)

- kd
+ B
where ± corresponds to the forward and backward propagating Bloch waves, respectively. Equation (A2) can be presented in the matrix form,

A,
B,

^Di.id

A+i
B,:+1 /

(A3)

Using this matrix equation, we can present the field amplitudes at the m-th layer
thought the corresponding amplitudes at the 0-th layer,

Bo

n

Lg=l

(A4)

8.2 APPENDIX
B: Equation for plasmon beam propagation in
nonlinear waveguiding structures
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A P P E N D I X B: Equation for plasmon beam propagation
in nonlinear waveguiding structures

In this Appendix we derive the main equation describing the propagation of
plasmon beam ill nonhnear plasmonic waveguides.
The wave equation for the monochromatic wave in the three-dimensional case
can be presented as follows:
V ' E - V ( V •£) + £ £ = 0,

(Bl)

where e, in general, is the complex dielectric permittivity function, depending on
both coordinates and the local field intensity, note that the structures studied in
this work are uniform in y-direction,
0.

de/dy =

To solve this equation we make several approximations:
Approximation 1: We assume that the plasmon profile is not affected by the
nonlinearity, and it is described by the linear system of equations. Although we have
discussed in Sec. the change of the mode profile under the influence of nonlinearity,
we consider here that this change can be neglected as compared to the nonlinear
self action effects on the beam.
Approximation 2: We assume that the waveguide dimensions (in the case
of metal-dielectric-metal waveguide, for example) are varying adiabatically, i.e.
<g; 1, where
is the waveguide parameter. Consequently, we consider that
the change of the mode dispersion is weak on the scale of the plasmon wavelength,
<C
Hence, the electromagnetic field in the adiabatically varying waveguide can be expressed as a slowly varying eigenmode of a planar waveguide structure,
described by the following set of equations:

dh/dz
\dp/dz\

h

LlinEn —

e'

^ F ^
•od

\3Emj

= 0,

(B2)

Re[e{x)]

where
=
is the real part of the dielectric permittivity. Note that field
components E^o and
are real values.
Approximation 3: We assume that the plasmonic beam is paraxial, meaning
that it preserves its TM wave structure {y component of electric field is negligible).
In this case we search for the solutions in the form:
E =

[A{x, z)E,ix) + dE] exp(j j (3dz),

where A is the slowly varying amplitude, Eq = (E^jq, 0, j'E'^o) is the linear plasmon
profile, and (5E is the small variation to the linear plasmon profile.
According to approximation 3 the wave equation (Bl) can be reduced to:

(B3)
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d^E,

d^E,

dy^ ^ dz^
d^E,
d'E,

dxdz

dy^ ^ dx^

dzdx

d^E,

+

= 0,

(B4)

d'E,

Substituting the Eq.(B3) into Eq.(B4) and rewriting the set of corresponding
equations in operator form we obtain:
LuJE + 5L5E = LEo,

(B5)

where operator SL describes the action of nonUnearity and losses on the correction
(5E. The operator L is
/aM
dy'

L =

^.M

+

\

dz
iA

+ rjA

d^- \

-iA

dxdz

cPA
dzdx

W

+ riA

(B6)

/

where r}{x) = {i^ + e"{x) + a{x)\E\^). Here E"ix) = Im[e{x)] is the imaginary part
of dielectric permittivity, and a{x) is the nonlinear coefficient, which are assumed
to be nonzero only in the metal and dielectric layers, respectively.
We assume that, in accord with an asymptotic perturbation theory, in Eq. (B5)
the field (^E, and the operator 61. are of the same order of magnitude, and consequently the second term in left-hand side of Eq. (B5) can be neglected since it is of
the next order of smallness. Keeping the terms of the same order of magnitude, we
obtain the governing equation in the first-order approximation:
LunSEo = LEo.

(B7)

According to the Fredholm theorem of alternative [257], the solutions (5Eo of
Eq. (B7) are non-diverging only when the eigenmodes of the homogeneous equation
LiinSEo = 0 are orthogonal to the perturbation LEq. Remarkably, the solution
of the homogeneous equation is the plasmonic mode itself. Thus we can write
the orthogonality condition for the right-hand side of Eq. (B7) with the plasniori
eigenrnode Eq and integrate it over the transverse coordinate x:
+ 00
/

E*LEndx = 0

(B8)

Using Eq.(B3) and Eq.(B6) the under integral expression can be presented as
follows:

dy'
- J

{Elo + Elo) +

.dA OEm
.dA dE,o
Em + j
dz dx
dz dx

dz
- jA-^^-^E^
dzdx-''''

+
'

jA——E^o +
dzdx

+ j e l A { E l , + El,) + a\A\'A\Eo\'{Elo + El^) = 0

(B9)

8.2 APPENDIX
B: Equation for plasmon
nonlinear waveguiding structures

beam propagation
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Noticing that for linear plasmon profile /3E^o = ffyo +
the expression in
the square brackets after series of simple derivations can be converted to:
[•] =

(BIO)

Substituting the latter expression into Eq.(B9) and integrating over the waveg+ 0 0

uide cross-section ( f -dx) we obtain:
— cx;
OA
+

CXD

f

.fdadh

d

dE,^

— CXD

dA

+ 0 0

f

dE^E^

(Bll)

- 0 0

where

we use notations: / —< E'^Q + E'^Q >3;, cr —< E^gHyQ
^lo)
and A^nin = < (y{ElQ + El^Y >x, here < • >3; corresponds to the integration
+ OC
over the transverse coordinate x.
It is possible to show that J
= f ^^^^^"dx = 0. Thus, finally,
—00

—00

we get the equation describing the plasmonic beam propagation in adiabatically
varying waveguides:

This is Shrodinger equation with gradually varying with propagation coefficients.
For the planar waveguide the coefficients are constant, hence the equation (B12) is
reduced to:
8A

+

rP' A

+ jAr + N ^ M ' A = 0

(B13)

Bibliography

[1] T. W. Ebbesen, H. J. Lezec, H. F. Ghaemi, T. Thio, and P. A. WolfF. Extraordinary optical transmission through sub-wavelength hole arrays. Nature,
391(6668):667 669, 1998.
[2] H. A. Bethe. Theory of diffraction by small holes.
8):163 182, 1944.

Physics Review, 66(7-

[3] C. J. Bouwkamp. On bethes theory of diffraction by small holes.
Research Reports, 5(5):321 332, 1950.

Philips

[4] C. J. Bouwkamp. Diffraction theory. Reports on Progress in Physics, 17:35
100, 1954.
[5] C. J. Bouwkamp. On the diffraction of electromagnetic waves by small circular
disks and holes. Philips Research Reports, 5(6):401 422, 1950.
[6] L. Martin-Moreno, F. J. Garcia-Vidal, H. J. Lezec, K. M. Pellerin, T. Thio,
J. B. Pendry, and T. W. Ebbesen. Theory of extraordinary optical transmission through subwavelength hole arrays. Physical Review Letters, 86(6) :1114
1117, 2001.
[7] W. L. Barnes, W. A. Murray, J. Dintinger, E. Devaux, and T. W. Ebbesen.
Surface plasmon polaritons and their role in the enhanced transmission of
light through periodic arrays of subwavelength holes in a metal film. Physical
Review Letters, 92(10):107401 4, 2004.
[8] S. A. Darmanyan and A. V. Zayats. Light tunneling via resonant surface plasmon polariton states and the enhanced transmission of periodically nanostructured metal films: An analytical study. Physical Review B, 67(3):035424 7,
2003.
[9] S. A. Darmanyan, M. Neviere, and A. V. Zayats. Analytical theory of optical
transmission through periodically structured metal films via tunnel-coupled
surface polariton modes. Physical Review B, 70(7):075103 9, 2004.
[10] H. W. Gao, J. Henzie, and T. W. Odom. Direct evidence for surface plasrnonmediated enhanced light transmission through metallic nanohole arrays. Nano
Letters, 6(9):2104 2108, 2006.

BIBLIOGRAPHY

85

[11] M. Sarraziii, J. P. Vigneron, and J. M. Vigoureux. Role of wood anomalies in optical properties of thin metallic films with a bidimensional array of
subwavelength holes. Physical Review B, 67(8):085415 8, 2003.
[12] H. T. Liu and P. Lalanne. Microscopic theory of the extraordinary optical
transmission. Nature, 452(7188):728 731, 2008.
[13] Q. Cao and P. Lalanne. Negative role of surface plasmons in the transmission of metallic gratings with very narrow slits. Physical Review Letters,
88(5):057403 4, 2002.
[14] P. Lalanne, J. P. Hugonin, and J. C. Rodier. Theory of surface plasmon
generation at nanoslit apertures. Physical Review Letters, 95(26):263902 4,
2005.
[15] E. Moreno, D. Erni, C. Hafrier, and R. Vahldieck. Multiple multipole method
with automatic multipole setting applied to the simulation of surface plasmons
in metallic nanostructures. Journal of the Optical Society of America
A-optics
Image Science and Vision, 19(1):101 111, 2002.
[16] S. Astilean, P. Lalanne, and M. Palamaru. Light transmission through metallic
channels much smaller than the wavelength. Optics Communications, 175(46):265 273, 2000.
[17] A. Barbara, P. Quernerais, E. Bustarret, and T. Lopez-Rios.
Optical
transmission through subwavelength metallic gratings. Physical Review B,
66(16):161403 4, 2002.
[18] J. A. Porto, F. J. Garcia-Vidal, and J. B. Pendry. Transmission resonances on
metallic gratings with very narrow slits. Physical Review Letters, 83(14):2845
4, 1999.
[19] C. L. Tan, Y. X. Yi, and G. P. Wang. Optical transmission properties of onedimensional metalhc gratings. Acta Physica Sinica, 51(5):1063 1067, 2002.
[20] F. I. Baida and D. Van Labeke. Light transmission by subwavelength annular
aperture arrays in metallic films.

Optics Communications,

209(1-3):17 22,

2002.
[21] A. Degiron, H. J. Lezec, W . L. Barnes, and T. W . Ebbesen. Effects of hole
depth on enhanced light transmission through subwavelength hole arrays. Applied Physics Letters, 81(23):4327 4329, 2002.
[22] D. E. Grupp, H. J. Lezec, T. W . Ebbesen, K. M. Pellerin, and T. Thio.
Crucial role of metal surface in enhanced transmission through subwavelength
apertures. Applied Physics Letters, 77(11): 1569 1571, 2000.

86

BIBLIOGRAPHY

[23] K. J. K. Koerkamp, S. Enoch, F. B. Segerink, N. F. van Hulst, and L. Kuipers.
Strong influence of hole shape on extraordinary transmission through periodic arrays of subwavelength holes. Physical Review Letters, 92(18):183901 4,
2004.
[24] H. Cao and A. Nahata. Influence of aperture shape on the transmission
properties of a periodic array of subwavelength apertures. Optics Express,
12(16):3664 3672, 2004.
[25] L. Martin-Moreno and F. J. Garcia-Vidal. Optical transmission through circular hole arrays in optically thick metal films. Optics Express, 12(16):3619
3628, 2004.
[26] A. Moreau, G. Granet, F. I. Baida, and D. Van Labeke. Light transmission
by subwavelength square coaxial aperture arrays in metallic films. Optics
Express, 11(10):1131 1136, 2003.
[27] F. I. Baida. Enhanced transmission through subwavelength metallic coaxial
apertures by excitation of the tem mode. Applied Physics B-lasers and Optics,
89(2-3):145 149, 2007.
[28] J. Bravo-Abad, L. Martin-Moreno, F. J. Garcia-Vidal, E. Hendry, and J. G.
Rivas. Transmission of light through periodic arrays of square holes: From a
metalhc wire mesh to an array of tiny holes. Physical Review B, 76(24):241102
4, 2007.
[29] W. J. Fan, S. Zhang, K. J. Malloy, and S. R. J. Brueck. Enhanced mid-infrared
transmission through nanoscale metallic coaxial-aperture arrays. Optics Express, 13(12):4406 4413, 2005.
[30] S. M. Orbons and A. Roberts. Resonance and extraordinary transmission in
annular aperture arrays. Optics Express, 14(26):12623 12628, 2006.
[31] I. Avrutsky, Y. Zhao, and V. Kochergin. Surface-plasmon-assisted resonant
tunneling of light through a periodically corrugated thin metal film. Optics
Letters, 25(9):595 597, 2000.
[32] I. I. Smolyaninov, Y. J. Hung, and C. C. Davis. Light-induced resonant
transmittance through a gold film. Applied Physics Letters, 87(4):041101 3,
2005.
[33] N. Bonod, S. Enoch, L. F. Li, E. Popov, and M. Neviere. Resonant optical transmission through thin metalHc films with and without holes. Optics
Express, 11(5):482 490, 2003.
[34] W. C. Tan, T. W. Preist, and R. J. Sambles. Resonant tunnehng of light
through thin metal films via strongly localized surface plasmons. Physical
Review B, 62(16):11134 11138, 2000.

BIBLIOGRAPHY

87

[35] F. J. G. de Abajo, G. Gomez-Santos, L. A. Blanco, A. G. Borisov, and S. V.
Shabanov. Tunneling mechanism of light transmission through metallic films.
Physical Review Letters, 95(6):067403 4, 2005.
[36] D. E. Grupp, H. J. Lezec, T. Thio, and T. W . Ebbesen. Beyond the bethe
limit: Tunable enhanced light transmission through a single sub-wavelength
aperture. Advanced Materials, 11(10):860 862, 1999.
[37] J. Bravo-Abad, L. Martin-Moreno, and F. J. Garcia-Vidal. Transmission
properties of a single metallic slit: From the subwavelength regime to the
geometrical-optics hinit. Physical Review E, 69(2):026601 6, 2004.
[38] L. Martin-Moreno, F. J. Garcia-Vidal, H. J. Lezec, A. Degiron, and T. W .
Ebbesen.
Theory of highly directional emission from a single subwavelength aperture surrounded by surface corrugations. Physical Review Letters,
90(16):167401 4, 2003.
[39] T. Thio, K. M. Pellerin, R. A. Linke, H. J. Lezec, and T. W . Ebbesen. Enhanced light transmission through a single subwavelength aperture. Optics
Letters, 26(24):1972 1974, 2001.
[40] H. J. Lezec, A. Degiron, E. Devaux, R. A. Linke, L. Martin-Moreno, F. J.
Garcia-Vidal, and T. W . Ebbesen. Beaming Hght from a subwavelength aperture. Science, 297(5582):820 822, 2002.
[41] A. G. Brolo, R. Gordon, B. Leathem, and K. L. Kavanagh. Surface plasmon
sensor based on the enhanced light transmission through arrays of nanoholes
in gold films. Langmmr, 20(12):4813 4815, 2004.
[42] Y. Liu, J. Bishop, L. WiUiams, S. Blair, and J. Herron. Biosensing based
upon molecular confinement in metallic nanocavity arrays.
Nanotechnology,
15(9):1368 1374, 2004.
[43] J. Chen, J. Shi, D. Decanini, E. Cambril, Y. Chen, and A. M. Haghiri-Gosnet.
Gold nanohole arrays for biochemical sensing fabricated by soft uv nanoimprint lithography. Microelectronic Engineering, 86(4-6):632 635, 2009.
[44] G. M. Hwang, L. Pang, E. H. Mullen, and Y. Fainman. Plasmonic sensing of
biological analytes through nanoholes. IEEE Sensors Journal, 8(11-12):2074
2079, 2008.
[45] F. J. Garcia-Vidal, L. Martin-Moreno, T. W . Ebbesen, and L. Kuipers.
Light passing through subwavelength apertures. Reviews of Modern Physics,
82(1):729 787, 2010.
[46] F. J. G. de Abajo. Colloquium: Light scattering by particle and hole arrays.
Reviews of Modern Physics, 79(4):1267 1290, 2007.

88

[47] S. A. Maier. Plasmonics:
(Berlin), 2007.

BIBLIOGRAPHY

Fundamentals and Applications.

Springer-Verlag

48] V. M. Agranovich and D. L. Mills, editors. Surface Polaritons - Electromagnetic Waves at Surfaces and Interfaces. North-Holland (Amsterdam), 1982.
[49] H. Raether. Surface Plasmons on Smooth and Rough Surfaces and on Gratings
(Springer Tracts in Modern Physics). Springer-Verlag (Berlin), 1988.
[50] M. G. Cottam and D. R. Tilley. Introduction to Surface and
Excitations. Cambridge University Press (Cambridge), 1989.

Superlattice

[51] A. V. Zayats, L. Salomon, and F. de Fornel. How light gets through periodically nanostructured metal films: a role of surface polaritonic crystals. Journal
of Microscopy, 210(3):344 349, 2003.
[52] A. V. Zayats, I. I. Smolyaninov, and A. A. Maradudin. Nano-optics of surface
plasnion polaritons. Physics Reports, 408(3-4): 131 314, 2005.
[53] H. A. Atwater. The promise of plasmonics. Scientific American, 296(4):56 63,
2007.
[54] S. I. Bozhevolnyi, editor. Plasmonic Nanoguides and Circuits. Pan Stanford
Publishing (Singapore), 2008.
[55] M. L. Brongersma and P. G. Kik, editors. Surface Plasmon
Nanophotonics
(Springer Series in Optical Sciences). Springer-Verlag (Berlin), 2007.
[56] A. V Zayats, I. I. Smolyaninov, and Maradudin A. A. Nano-optics
plasmon polaritons. Academic Press (New York), 2009.

of surface

[57] J. Valentine, S. Zhang, T. Zentgraf, E. Uhn-Avila, D. A. Geriov, G. Bartal, and
X. Zhang. Three-dimensional optical metamaterial with a negative refractive
index. Nature, 455(7211):376 379, 2008.
[58] Centre
for
Ultrahigh
bandwidth
Devices
http://cudos.org.au/content / view/64/162/.

for

Optical

Systems

[59] T. Ergin, N. Stenger, P. Brenner, J. B. Pendry, and M. Wegener. Threedimensional invisibility cloak at optical wavelengths. Science, 328(5976) :337
339, 2010.
[60] K. F. MacDonald, Z. L. Samson, M. I. Stockman, and N. I. Zheludev. Ultrafast
active plasmonics. Nature Photonics, 3(1):55 58, 2009.
61] S. I. Bozhevolnyi, V. S. Volkov, E. Devaux, and T. W . Ebbesen. Channel
plasmon-polariton guiding by subwavelength metal grooves. Physics Review
Letters, 95(4):046802 4, 2005.

BIBLIOGRAPHY

89

J. Li and J. B. Pendry. Hiding under the carpet: a new strategy for cloaking.
Physics Review Letters, 101(20):203901 4, 2008.
[63] D. Schiirig, J. J. Mock, B. J. Justice, S. A. Cummer, J. B. Pendry, A. F.
Starr, and D. R. Smith. Metamaterial electromagnetic cloak at microwave
frequencies. Science, 314(5801):977 980, 2006.
[64] J. O. Tegenfeldt, O. Bakajin, C. F. Chou, S. S. Chan, R. Austin, W. Fann,
L. Liou, E. Chan, T. Duke, and E. C. Cox. Near-field scanner for moving
molecules. Physical Review Letters, 86(7):1378 1381, 2001.
[65] J. N. Anker, W. P. Hall, O. Lyandres, N. C. Shah, J. Zhao, and R. P.
Van Duyne. Biosensing with plasmonic nanosensors. Nature
Materials,
7(6):442 453, 2008.
[66] W. Hickel, D. Kamp, and W. Knoll. Surface-plasrnon microscopy.
339(6221):186 186, 1989.

Nature,

[67] A. V. Kabashin, P. Evans, S. Pastkovsky, W. Hendren, G. A. Wurtz, R. Atkinson, R. Pollard, V. A. Podolskiy, and A. V. Zayats. Plasmonic nanorod metamaterials for biosensing. Nature Materials, 8(11):867 871, 2009.
[68] X. W. Guo, J. L. Du, Y. K. Guo, and J. Yao. Large-area surface-plasmon
polariton interference lithography. Optics Letters, 31(17):2613 2615, 2006.
[69] C. Kirn, M. Shtein, and S. R. Forrest. Nanolithography based on patterned
metal transfer and its application to organic electronic devices.
Applied
Physics Letters, 80(21):4051 4053, 2002.
[70] W. Srituravanich, N. Fang, C. Sun, Q. Luo, and X. Zhang. Plasmonic nanohthography. Nano Letters, 4(6): 1085 1088, 2004.
[71] X. G. Luo and T. Ishihara. Subwavelength photolithography based on surfaceplasrnon polariton resonance. Optics Express, 12(14):3055 3065, 2004.
[72] Z.-W. Liu, Q.-H. Wei, and X. Zhang. Surface plasmon interference nanohthography. Nano Letters, 5(5):957 961, 2005.
[73] K. G. Lee, H. W. Kihm, J. E. Kihm, W. J. Choi, H. Kim, C. Ropers, D. J.
Park, Y. C. Yoon, S. B. Choi, H, Woo, J. Kim, B. Lee, Q. H. Park, C. Lienau,
and D. S. Kim. Vector field microscopic imaging of hght. Nature Photonics,
1(1):53 56, 2007.
[74] A. Locatelli, C. De Angelis, D. Modotto, S. Boscolo, F. Sacchetto, M. Midrio,
A. D. Capobianco, F. M. Pigozzo, and C. G. Sonieda. Modeling of enhanced
field confinement and scattering by optical wire antennas. Optics Express,
17(19):16792 16800, 2009.
[75] N. Fang, H. Lee, C. Sun, and X. Zhang. Sub-diffraction-limited optical imaging with a silver superlens. Science, 308(5721):534 537, 2005.

90

BIBLIOGRAPHY

[76] I. I. Smolyaninov, Y. J. Hung, and C. C. Davis. Imaging and focusing properties of plasmonic metamaterial devices. Physical Review B, 76(20):205424 7,
2007.
[77] S. I. Bozhevolnyi, I. I. Smolyaninov, and A. V. Zayats. Near-field microscopy
of surface-plasmon polaritons - localization and internal interface imaging.
Physical Review B, 51(24):17916 17924, 1995.
[78] I. I. Smolyaninov. A far-field optical microscope with nanometre-scale resolution based on in-plane surface plasmon imaging. Journal of Optics A,
7(2):165 175, 2005.
[79] I. I. Smolyaninov, C. C. Davis, J. Elliott, and A. V. Zayats. Resolution
enhancement of a surface immersion microscope near the plasmon resonance.
Optics Letters, 30(4):382 384, 2005.
[80] J. B. Pendry. Negative refraction makes a perfect lens.
Letters, 85(18):3966 3969, October 2000.

Physical

Review

[81] J. B. Pendry. Perfect cylindrical lenses. Optics Express, 11:755 760, 2003.
[82] C. Liu, N. G. Chen, and C. Sheppard. Nanoillumination based on self-focus
and field enhancement inside a subwavelength metallic structure. Applied
Physics Letters, 90(1):011501 3, 2007.
[83] D. P. O'Neal, L. R. Hirsch, N. J. Halas, J. D. Payne, and J. L. West. Photothermal tumor ablation in mice using near infrared-absorbing nanoparticles.
Cancer Letters, 209(2):171 176, 2004.
[84] A. M. Gobin, M. H. Lee, N. J. Halas, W. D. James, R. A. Drezek, and J. L.
West. Near-infrared resonant nanoshells for combined optical imaging and
photothermal cancer therapy. Nano Letters, 7(7):1929 1934, 2007.
[85] D. J. Bergman and M. I. Stockman. Surface plasmon amplification by stimulated emission of radiation: Quantum generation of coherent surface plasmons
in nanosystems. Physical Review Letters, 90(2):027402 4, 2003.
[86] N. I. Zheludev, S. L. Prosvirnin, N. Papasimakis, and V. A. Fedotov. Lasing
spaser. Nature Photonics, 2(6):351 354, 2008.
[87] M. A. Noginov, G. Zhu, M. Mayy, B. A. Ritzo, N. Noginova, and V. A.
Podolskiy. Stimulated emission of surface plasmon polaritons. Physical Review
Letters, 101(22):226806 4, 2008.
[88] M. A. Noginov, G. Zhu, A. M. Belgrave, R. Bakker, V. M. Shalaev, E. E.
Narimanov, S. Stout, E. Herz, T. Suteewong, and U. Wiesner. Demonstration
of a spaser-based nanolaser. Nature, 460(7259):1110 1112, 2009.
[89] W. R. MacGillivray, S. D. Smith, H. A. MacKenzie, and F. A. P. Tooley.
Photonic logic. Optica Acta, 32(5):511 524, 1985.

BIBLIOGRAPHY

91

[90] K. Tajima. All-optical switch with switch-off time unrestricted by carrier
lifetime. Japanese Journal of Applied Physics, 32(12):1746 1749, 1993.
[91] Y. Silberberg, P. Perlmutter, and Baran J. E. Digital optical switch.
Physics Letters, 51(16):1230 1232, 1987.

Applied

[92] H. Nakamura, Y . Sugimoto, K. Kanamoto, N. Ikeda, Y. Tanaka, Y. Nakamura,
S. Ohkouchi, Y. Watanabe, K. Inoue, H. Ishikawa, and K. Asakawa. Ultra-fast
photonic crystal/quantum dot all-optical switch for future photonic networks.
Optics Express, 12(26):6606 6614, 2004.
[93] M. F. Yanik, S. H. Fan, M. Soljacic, and J. D. Joannopoulos. All-optical
transistor action with bistable switching in a photonic crystal cross-waveguide
geometry. Optics Letters, 28(24):2506 2508, 2003.
[94] P. S. J. Russell. All-optical high-gain transistor action using 2nd-order nonlinearities. Electronics Letters, 29(13):1228 1229, 1993.
[95] S. John and M. Florescu. Photonic bandgap materials: towards an all-optical
micro-transistor. Journal of Optics A, 3(6):103 120, 2001.
[96] P. S. Guilfoyle and W . J. Wiley. Combinatorial logic based digital optical
computing architectures. Applied Optics, 27(9): 1661 1673, 1988.
[97] H. Nishihara, M. Haruna, and T. Suhara.
McGraw-Hill Professional (New York), 1989.

Optical Integrated

Circuits.

[98] W . L. Barnes, A. Dereux, and T. W . Ebbesen. Surface plasmon subwavelength
optics. Nature, 424(6950):824 830, 2003.
[99] S. I. Bozhevolnyi, V. S. Volkov, E. Devanx, J. Y. Laluet, and T. W . Ebbesen.
Channel plasmon subwavelength waveguide components including interferometers and ring resonators. Nature, 440(7083):508 511, 2006.
[100] D. K. Gramotnev and S. I. Bozhevolnyi. Plasmonics beyond the diffraction
limit. Nature Photonics, 4(2):83 91, 2010.
[101] J. Heber. Plasmonics: Surfing the wave. Nature, 461(7265):720 722, 2009.
[102] M. Conforti, M. Guasoni, and C. De Angelis. Subwavelength diffraction management. Optics Letters, 33(22):2662 2664, 2008.
[103] A. V. Akimov, A. Mukherjee, C. L. Yu, D. E. Chang, A. S. Zibrov, P. R.
Hemmer, H. Park, and M. D. Lukin. Generation of single optical plasrnons in
metalhc nanowires coupled to quantum dots. Nature, 450:402 406, 2007.
[104] A. L. Falk, F. H. L. Koppens, C. L. Yu, K. Kang, N. D. Snapp, A. V. Akimov,
M. H. Jo, M. D. Lukin, and H. Park. Near-field electrical detection of optical
plasmons and single-plasmon sources. Nature Physics, 5(7):475 479, 2009.

92

BIBLIOGRAPHY

[105] A. Hryciw, Y . C. Jun, and M. L. Brongersma. Plasmonics electrifying plasmonics on silicon. Nature Materials, 9(1):3 4, 2010.
[106] A. V. Krasavin and A. V. Zayats.

Electro-optic switching element for

dielectric-loaded surface plasmon polariton waveguides. Applied Physics

Let-

ters, 97(4):041107 3, 2010.
107] N. Kroo, S. Varra, G. Farkas, P. Dombi, D. Oszetzky, A. Nagy, and A. Czitrovszky. Nonlinear plasmonics.

Journal of Modern

Optics, 55(19):3203 3210,

2008.
[108] A. V. Krasavin and N. I. Zheludev. Active plasmonics: Controlling signals in
a u / g a waveguide using nanoscale structural transformations. Applied

Physics

Letters, 84(8):1416 1418, 2004.
[109] V. S. Volkov, S. I. Bozhevolnyi, E. Devaux, J. Y. Laluet, and T . W . Ebbesen.
Nanophotonic components utilizing channel plasmon polaritons.
Nanoimaging,

Nanafabrication,

and Their Applications

Plasmonics:

IV, 7033:T330 T330,

2008.
[110] D. F. P. Pile and D. K. Gramotnev. Channel plasmon-polariton in a triangular
groove on a metal surface. Optics Letters, 29(10):1069 1071, 2004.
[111] A. Boltasseva, V. S. Volkov, R. B. Nielsen, E. Moreno, S. G. Rodrigo, and S. I.
Bozhevolnyi. Triangular metal wedges for subwavelength plasmon-polariton
guiding at telecom wavelengths. Optics Express, 16(8):5252 5260, 2008.
[112] D. F. P. Pile, T. Ogawa, D. K. Gramotnev, T. Okamoto, M. Haraguchi,
M. Fukui, and S. Matsuo. Theoretical and experimental investigation of
strongly localized plasmons on triangular metal wedges for subwavelength
waveguiding. Applied Physics Letters, 87(6):061106 3, 2005.
[113] A. Degiron and D. R. Smith. Numerical simulations of long-range plasmons.
Optics Express, 14(4):5833 5835, 2006.
[114] A. Degiron, C. Dellagiacoma, J. G. Mcilhargey, G. Shvets, O. J. F. Martin, and D. R. Smith. Simulations of hybrid long-range plasmon modes with
application to 90 deg bends. Optics Letters, 32(16):2354 2356, 2007.
[115] I. Breukelaar, R. Charbonneau, and P. Berini. Long-range surface plasmonpolariton mode cutoff and radiation. Applied Physics Letters, 88(5):051119 3,
2006.

[116] A. Boltasseva, T. Nikolajsen, K. Leosson, K. Kjaer, M.S. Larsen, and S.L
Bozhevolnyi. Integrated optical components utilizing long-range surface plasmon polaritons. Journal of Lightwave Technology, 23(1):413 422, 2005.
[117] Pierre Berini. Plasmon-polariton waves guided by thin lossy metal films of
finite width: Bound modes of asymmetric structures. Physical Review B,
63(12):125417 15, 2001.

BIBLIOGRAPHY

93

[118] P. Berini. Plasmon-polariton waves guided by thin lossy metal films of finite width: Bomid modes of symmetric structures.
Physical Review B,
61(15):10484 10503, 2000.
[119] N. N. Feng, M. L. Brongersma, and L. Dal Negro. Metal-dielectric slotwaveguide structures for the propagation of surface plasmon polaritons at
1.55 mu m. IEEE Journal of Quantum Electronics, 43(5-6):479 485, 2007.
[120] L. Chen, J. Shakya, and M. Lipson. Subwavelength confinement in an integrated metal slot waveguide on silicon. Optics Letters, 31(14):2133 2135,
2006.
[121] G. Veronis and S. H. Fan. Theoretical investigation of compact couplers between dielectric slab waveguides and two-dimensional metal-dielectric-metal
plasmonic waveguides. Optics Express, 15(3):1211 1221, 2007.
[122] H. Shin and S. H. Fan. All-angle negative refraction for surface plasmon
waves using a metal-dielectric-metal structure.
Physical Review Letters,
96(7):073907 4, 2006.
[123] A. L. Pyayt, B. Wiley, Y. N. Xia, A. Chen, and L. Dalton. Integration of
photonic and silver nanowire plasmonic waveguides. Nature
Nanotechnology,
3(11):660 665, 2008.
[124] K. Leosson, T. Nikolajsen, A. Boltasseva, and S. I. Bozhevolnyi. Long-range
surface plasmon polariton nanowire waveguides for device applications. Optics
Express, 14(1):314 319, 2006.
[125] R. F. Oulton, V. J. Sorger, D. A. Genov, D. F. P. Pile, and X. Zhang. A
hybrid plasmonic waveguide for subwavelength confinement and long-range
propagation. Nature Photonics, 2(8):496 500, 2008.
[126] A. V. Krasavin and A. V. Zayats. Passive photonic elements based on
dielectric-loaded surface plasmon polariton waveguides. Applied Physics Letters, 90(21):211101 3, 2007.
[127] T. Holmgaard and S. L Bozhevolnyi. Theoretical analysis of dielectric-loaded
surface plasmon-polariton waveguides. Physical Review B, 75(24):245405 12,
2007.
[128] J. Grandidier, S. Massenot, G. C. des Francs, A. Boulielier, J. C. Weeber,
L. Markey, A. Dereux, J. Renger, M. U. Gonzalez, and R. Quidant. Dielectricloaded surface plasmon polariton waveguides: Figures of merit and mode characterization by image and fourier plane leakage microscopy. Physical Review
B, 78(24):245419 9, 2008.
[129] Y . M. Shin, L. R. Barnett, and N. C. Luhniann. Strongly confined plasmonic wave propagation through an ultrawideband staggered double grating
waveguide. Applied Physics Letters, 93(22):221504 3, 2008.

94

BIBLIOGRAPHY

[130] S. Glasberg, A. Sharon, D. Rosenblatt, and A. A. Friesem. Long-range surface
plasmon resonances in grating-waveguide structures. Applied Physics Letters^
70(10):1210 3, 1997.
[131] M. Carras and A. De Rossi.
Photonic modes of metallodielectric periodic waveguides in the midinfrared spectral range.
Physical Review B,
74(23):235120 4, 2006.
132] M. Guasoni, M. Conforti, and C. De Angelis. Light propagation in nonuniform plasmonic subwavelength waveguide arrays. Optics
Communications,
283(6):1161 1168, 2010.
[133] S. A. Maier, P. G. Kik, and H. A. Atwater. Optical pulse propagation in metal
nanoparticle chain waveguides. Physical Review B, 67(20):205402 5, 2003.
[134] J. R. Krenn. Nanoparticle waveguides - watching energy transfer.
Materials, 2(4):210 211, 2003.

Nature

[135] S. A. Maier, P. G. Kik, H. A. Atwater, S. Meltzer, E. Harel, B. E. Koel,
and A. A. G. Requicha. Local detection of electromagnetic energy transport
below the diffraction limit in metal nanoparticle plasmon waveguides. Nature
Materials, 2(4):229 232, 2003.
[136] P. Bettotti, M. Cazzanelh, L. Dal Negro, B. Danese, Z. Gaburro, C. J. Oton,
G. V. Prakash, and L. Pavesi. Silicon nanostructures for photonics. Journal
of Physics, 14(35):8253 8281, 2002.
[137] B. Jalah and S. Fathpour. Silicon photonics. Journal of Lightwave
24:4600 4615, 2006.

Technology,

[138] R. Soref. The past, present, and future of silicon photonics. IEEE Journal of
Selected Topics In Quantum Electronics, 12(6): 1678 1687, 2006.
[139] P. West, S. Ishii, G. Naik, N. Emani, V. Shalaev, and A. Boltasseva. Searching
for better plasmonic materials. Laser & Photonics Reviews, 4(6):795 808,
2010.
[140] W. A. Murray and W. L. Barnes. Plasmonic materials. Advanced
19(22):3771 3782, 2007.

Materials,

[141] R. Zia, M. D. Selker, P. B. Catrysse, and M. L. Brongersma. Geometries and
materials for subwavelength surface plasmon modes. Journal of the Optical
Society of America yl, 21(12):2442 2446, 2004.
[142] L De Leon and P. Berini. Amplification of long-range surface plasmons by a
dipolar gain medium. Nature Photonics, 4(6):382 387, 2010.
[143] M. P. Nezhad, K. Tetz, and Y. Fainman. Gain assisted propagation of
surface plasmon polaritons on planar metallic waveguides. Optics Express,
12(17):4072 4079, 2004.

BIBLIOGRAPHY

95

[144] M. A. Noginov, V. A. Podolskiy, G. Zhu, M. Mayy, M. Bahoura, J. A. Adegoke, B. A. Ritzo, and K. Reynolds. Compensation of loss in propagating
surface plasmon polariton by gain in adjacent dielectric medium. Optics Express, 16(2): 1385 1392, 2008.
[145] M. A. Noginov, G. Zhu, M. Bahoura, J. Adegoke, C. E. Small, B. A. Ritzo,
V. P. Drachev, and V. M. Shalaev. Enhancement of surface plasrnons in an ag
aggregate by optical gain in a dielectric medium. Optics Letters, 31(20):3022
3024, 2006.
[146] A. K. Popov and V. M. Shalaev. Compensating losses in negative-index metamaterials by optical parametric amplification. Optics Letters, 31(14):2169
2171, 2006.
[147] A. K. Popov and V. M. Shalaev. Negative-index metamaterials: secondharmonic generation, manley-rowe relations and parametric amplification. Applied Physics B, 84(1-2):131 137, 2006.
[148] D.K. Gramotnev.
Adiabatic nanofocusing of plasmons by sharp metallic grooves:
Geometric optics approach.
Journal of Applied
Physics,
98(10):104302 11, 2005.
[149] M. Born and E. Wolf. Principles of Optics: Electromagnetic Theory of Propagation, Interference and Diffraction of Light. Cambridge University Press
(Cambridge), 6 edition, 1997.
[150] L. D. Landau, L. P. Pitaevskii, and E. M. Lifshitz. Electrodynamics of Continuous Media, Second Edition: Volume 8. Butterworth-Heinemann (Oxford),
1984.
[151] D. R. Smith, W . J. Padilla, D. C. Vier, S. C. Nemat-Nasser, and S. Schultz.
Composite medium with simultaneously negative permeability and permittivity. Physical Review Letters, 84(18):4184 4187, 2000.
[152] R. A. Shelby, D. R. Smith, and S. Schultz. Experimental verification of a
negative index of refraction. Science, 292(5514):77 79, 2001.
[153] D. R. Smith, J. B. Pendry, and Wiltshire M. C. K. Metamaterials and negative
refractive index. Science, 305(5685):788 792, 2004.
[154] N. Liu, H. Guo, L. Fu, S. Kaiser, H. Schweizer, and H, Giessen.
dimensional photonic metamaterials at optical frequencies. Nature

Three-

Materials,

7(1):31 37, 2008.
[155] V. M. Shalaev.

Optical negative-index metamaterials.

Nature

Photonics,

1(1):41 48, 2007.
[156] V. M. Shalaev, W . S. Cai, U. K. Chettiar, H. K. Yuan, A. K. Sarychev,
V. P. Drachev, and A. V. Kildishev. Negative index of refraction in optical
metamaterials. Optics Letters, 30(24):3356 3358, 2005.

96

BIBLIOGRAPHY

157] B. E. Sernelius. Effects of spatial dispersion on electromagnetic surface modes
and on modes associated with a gap between two half spaces. Physical Review
B, 71(23):235114 13, 2005.
[158] M. A. Shapiro, G. Shvets, J. R. Sirigiri, and R. J. Temkin. Spatial dispersion
in metamaterials with negative dielectric permittivity and its effect on surface
waves. Optics Letters, 31(13):2051 2053, 2006.
159] R. W. Boyd. Nonlinear Optics, Second Edition. Academic Press (New York),
2003.
[160] Yu. S. Kivshar and G. Agrawal. Optical Solitons: From Fibers to
Crystals. Academic Press (New York), 1 edition, 2003.

Photonic

[161] A. D. Boardman, L. Pavlov, and S. Tanev, editors. Advanced Photonics with
Second-order Optically Nonlinear Processes. Kluwer Academic (Netherlands),
1998.
[162] A. Di Falco, C. Conti, and G. Assanto. Quadratic phase matching in slot
waveguides. Optics Letters, 31(21):3146 3148, 2006.
[163] P. Ginzburg, A. Hayat, N. Berkovitch, and M. Orenstein. Nonlocal ponderomotive nonlinearity in plasmonics. Opt. Lett., 35(10):1551 1553, 2010.
[164] F. Hache, D. Ricard, and C. Flytzanis. Optical nonlinearities of small metal
particles - surface-mediated resonance and quantum size effects. Journal of
the Optical Society of America B, 3(12):1647-1655, 1986.
[165] A. V. Krasavin, K. F. MacDonald, A. S. Schwanecke, and N. I. Zheludev.
Galhum/aluminum nanocomposite material for nonlinear optics and nonlinear
plasmonics. Applied Physics Letters, 89(3):031118 3, 2006.
[166] F. Bloch. Uber die quantenmechanik der elektronen in kristallgittern.
Physik, 52(7-8):555 600, 1928.

Z.

[167] W. Kohn. Amalytical properties of bloch waves and wannier functions. Physical Review, 115(4):809 821, 1959.
[168] G. H. Wannier. Wave function and efiictive hamiltonian for bloch electrons
in an electric field. Physical Review, 117(2):432 439, 1960.
[169] C. Waschke, H.G. Roskos, R. Schwedler, K. Leo, H. Kurz, and K. Kohler. Coherent submilhmeter-wave emission from bloch oscillations in a semiconductor
superlattice. Physical Review Letters, 70(21):3319 3322, 1993.
[170] G. Monsivais and M. Del Castillo-Mussot. Stark-ladder resonances in the
propagation of electromagnetic waves. Physical Review Letters, 64(12): 1433
1436, 1990.

BIBLIOGRAPHY

97

[171] C. M. de Sterke, J. Bright, P. Krug, and T. Hammon. Observation of an
optical wannier-stark ladder. Physical Review E, 57(2):2365 2370, 1998.
[172] R. Morandotti, U. Peschel, J. Aitchison, H. Eisenberg, and Y. Silberberg.
Experimental observation of linear and nonlinear optical bloch oscillations.
Physical Review Letters, 83(23):4756 4759, 1999.
[173] T. Pertsch, P. Dannberg, W. Elflein, A. Brauer, and F. Lederer. Optical bloch
oscillations in temperature tuned waveguide arrays. Physical Review Letters,
83(23):4752 4755, 1999.
[174] L. I. Mandelstam. The 4th lecture of 1 i mandelstam given at moscow state
university (5 may 1944). Collection of Scientific Works (Moscow: Nauka) (in
Russian), 2, 1944.
[175] V. G. Veselago. Electrodynamics of substances with simultaneously negative
values of sigma and mu. Soviet Physics Uspekhi-ussr, 10(4):509 514, 1968.
[176] D. A. Powell, I. V. Shadrivov, and Yu. S. Kivshar. Nonlinear electric metamaterials. Applied Physics Letters, 95(8):084102 3, 2009.
[177] I. V. Shadrivov, A. B. Kozyrev, D. van der Weide, and Y. S. Kivshar. Nonlinear magnetic metamaterials. Optics Express, 16(25):20266 20271, 2008.
[178] I. V. Shadrivov, A. B. Kozyrev, D. W. van der Weide, and Y. S. Kivshar.
Tunable transmission and harmonic generation in nonlinear metamaterials.
Applied Physics Letters, 93(16):161903 3, 2008.
[179] A. G. Gurevich and G. A. Melkov.
Russian]. Nauka (Moscow), 1994.

Magnetic

Oscillations

and Waves [in

[180] A. V. A. V. Vashkovskii, V. S. Stalniakhov, and Yu. P. Sharaevskii. Magnetostatic Waves in Microwave Electronics [in Russian], Saratov University Press
(Saratov), 1993.
[181] S. V. Grishin, A. R. Davoyan, and Yu. P. Sharaevsky. Modulated signal
propagation through resonant transmission line on magnetostatic waves. In
nth International Crimean Conference - Microwave and
Telecommunication
Technology, CRIMICO, pages 463 464, 2007.
[182] S. V. Grishin, A. R. Davoyan, and Yu. P. Sharaevsky. Excitation and propagation of spin waves in ferromagnetic films at the first order parametric resonance. In 18th International Crimean Conference - Microwave and Telecommunication Technology, CRIMICO, pages 497 498, 2008.
[183] S. V. Grishin, A. R. Davoyan, and Y. P. Sharaevskii. Propagation of compound signals via a nonlinear magnetostatic-wave transmission line. Journal
of Communications
Technology and Electronics, 55(1):88 97, 2010.

98

BIBLIOGRAPHY

[184] A. V. Zayats and I. I. Smolyaninov.

Near-field photonics: surface plasmon

polaritons and localized surface plasmons. Journal of Optics A, 5(4):S16 S50,
2003.
[185] G. Veronis and S. H. Fan. Bends and splitters in metal-dielectric-metal subwavelength plasmonic waveguides. Applied Physics Letters, 87(13), 2005.
[186] E. N. Economou. Surface plasmons in thin films. Physical Review, 182(2):539
554, 1969.
[187] J. J. Burke, G. I. Stegeman, and T. Tamir. Surface-polariton-like waves guided
by thin, lossy metal films. Physical Review B, 33(8):5186 5201, 1986.
[188] B Prade, J. Y. Vinet, and Mysyrowicz A. Guided optical wave in planar heterostructures with negative dielectric constant. Physical Review B,
44(24):13556 13572,1991.
[189] J. A. Dionne, L. A. Sweatlock, H. A. Atwater, and A. Polman. Plasmon
slot waveguides: Towards chip-scale propagation with subwavelength-scale
localization. Physical Review B, 73(3):035407 9, 2006.
[190] Feigenbaum E., Kaminski N., and Orenstein M. Negative dispersion: a
backward wave or fast light? nanoplasmonic examples.
Optics Express,
17(21):18934 18939, 2009.
[191] Y. Satuby and M. Orenstein. Surface plasmon polariton waveguiding: From
multimode stripe to a slot geometry. Applied Physics Letters, 90(25):251104
3, 2007.
[192] A. R. Davoyan, I. V. Shadrivov, S. I. Bozhevolnyi, and Y . S. Kivshar. Backward and forward modes guided by metal-dielectric-metal plasmonic waveguides. Journal of Nanophotonics, 4:043509 10, 2010.
193] A. R. Davoyan, W . Liu, A. E. Miroshnichenko, I. V. Shadrivov, S. I. Bozhevolnyi, and Y. S. Kivshar. Mode transformation in waveguiding plasmonic structures. submitted.
[194] B. Prade and J. Y. Vinet. Guided optical waves in fibers with negative
dielectric-constant. Journal of Lightwave Technology, 12(1):6 18, 1994.
[195] C. M. de Sterke, K. B. Dossou, T. P. White, L. C. Botten, and R. G. McPhedran. Efficient coupling into slow light photonic crystal waveguide without
transition region: role of evanescent modes. Optics Express, 17(20):17338
17343, 2009.
196] T. P. White, L. G. Botten, G. M. de Sterke, K. B. Dossou, and R. G. McPhedran. Efficient slow-light coupling in a photonic crystal waveguide without
transition region. Optics Letters, 33(22):2644 2646, 2008.

BIBLIOGRAPHY

99

[197] A. Hohenaii, A. Drezet, E. M. Weifi, F. R. Aussenegg, and J. R. Kremi. Effects
of damping on surface-plasmon pulse propagation and refraction. Physical
Review B, 78(15):155405 9, 2008.
[198] J. Feng and T. Okarnoto. Enhancement of electroluminescence through a twodimensional corrugated metal film by grating-induced surface-plasmon cross
coupling. Optics Letters, 30(17):2302 2304, 2005.
[199] L. G. Wang, H. Chen, and S. Y. Zhu. Wave propagation inside one-dimensional
photonic crystals with single-negative materials. Physics Letters A, 350(56):410 415, 2006.
[200] H. T. Jiang, H. Chen, H. Q. Li, Y . W . Zhang, J. Zi, and S. Y. Zhu. Properties of one-dimensional photonic crystals containing single-negative materials.
Physical Review E, 69(6):066607 5, 2004.
[201] I. V. Shadrivov, A. A. Sukhorukov, and Y. S. Kivshar. Beam shaping by a periodic structure with negative refraction. Applied Physics Letters, 82(22);3820
3822, 2003.
[202] I. V. Shadrivov, A. A. Sukhorukov, and Y. S. Kivshar. Complete band gaps
in one-dimensional left-handed periodic structures. Physical Review Letters,
95(19):193903 4, 2005.
[203] L. Wu, S. L. He, and L. F. Shen. Band structure for a one-dimensional
photonic crystal containing left-handed materials.
Physical Review B,
67(23):235103 6, 2003.
[204] J. Li, L. Zhou, C. T. Chan, and P. Sheng. Photonic band gap from a stack of
positive and negative index materials. Physical Review Letters, 90(8):083901
4, 2003.
[205] A. A. Asatryan, L. C. Botten, M. A. Byrne, V. D. Freihkher, S. A. Gredeskul, I. V. Shadrivov, R. C. McPhedran, and Y. S. Kivshar. Suppression of
anderson locahzation in disordered rnetamaterials. Physical Review Letters,
99(19):193902 4, 2007.
[206] P. Yeh. Optical Waves in Layered Media. Wiley-Interscience (New York), 2
edition, 2005.
[207] W . H. Lin, X. A. Zhou, G. P. Wang, and C. T. Chan. Spatial bloch oscillations
of plasmons in nanoscale metal waveguide arrays.

Applied Physics

Letters,

91(24):243113 3, 2007.
[208] W . H. Lin and G. P. Wang.

Metal heterowaveguide superlattices for a

plasmonic analog to electronic bloch oscillations.
91(14):143121 3, 2007.

Applied Physics

Letters,

100

BIBLIOGRAPHY

[209] V. Agarwal, J. A. del Rio, G. Malpuech, M. Zamfirescu, A. Kavokin, D. Coquillat, D. Scalbert, M. Vladimirova, and B. Gil. Photon bloch oscillations in
porous silicon optical superlattices. Physical Review Letters, 92(9):097401-4,
2004.
[210] A. R. Davoyan, I. V. Shadrivov, A. A. Sukhorukov, and Y. S. Kivshar. Plasmonic bloch oscillations in chirped metal-dielectric structures. Applied Physics
Letters, 94(16):161105 3, 2009.
211] P. Yeh. Electromagnetic propagation in birefringent layered media.
of the Optical Society of America, 69(5):742 756, 1979.

Journal

212] A. R. Davoyan, A. A. Sukhorukov, I. V. Shadrivov, and Y. S. Kivshar. Beam
oscillations and curling in chirped periodic structures with metamaterials.
Physical Review A, 79(1):013820 8, 2009.
[213] A. A. Sukhorukov, I. V. Shadrivov, and Y. S. Kivshar. Wave scattering
by metamaterial wedges and interfaces. International Journal of Numerical
Modelling-electronic Networks Devices and Fields, 19(2): 105 117, 2006.
[214] Y . A. Kravtsov and Y. I. Orlov. Geometrical
Springer-Verlag (Berhn), 1990.

Optics Of Inhomogeneous

Media.

215] D. Y. K. Ko and J. R. Sambles. Scattering matrix-method for propagation
of radiation in stratified media - attermated total reflection studies of hquidcrystals. Journal of the Optical Society of America A, 5(11):1863 1866, 1988.
[216] A. R. Davoyan, I. V. Shadrivov, A. A. Sukhorukov, and Y. S. Kivshar. Bloch
oscillations in chirped layered structures with metamaterials. Optics Express,
16(5):3299 3304, 2008.
[217] S. Kuhn, U. Hakanson, L. Rogobete, and V. Sandoghdar. Enhancement of
single-molecule fluorescence using a gold nanoparticle as an optical nanoantenna. Physical Review Letters, 97(1):017402 4, 2006.
218] T. H. Taminiau, F. D. Stefani, F. B. Segerink, and N. F. Van Hulst. Optical
antennas direct single-molecule emission. Nature Photonics, 2(4):234 237,
2008.

[219] T. Utikal, M. I. Stockman, A. P. Heberle, M. Lippitz, and H. Giessen. Alloptical control of the ultrafast dynamics of a hybrid plasmonic system. Physical Review Letters, 104(11):113903 4, 2010.
[220] M. Durach, A. Rusina, and M. I. Stockman. Toward full spatiotemporal
control on the nanoscale. Nano Letters, 7(10):3145 3149, 2007.
221] V. M. Agranovich, V. S. Babichenko, and V. Y. Chernyak. Nonlinear surface
polaritons. JETP Letters, 32(8):512 515, 1980.

BIBLIOGRAPHY

101

[222] G.I. Stegerriaii, C.T. Seaton, J. Ariyasu, R.F. Wallis, and A.A. Maradudin.
Nonlinear electromagnetic waves guided by a single interface. Journal of Applied Physics, 58(7):2453 2459, 1985.
[223] D. Mihalache, G. I. Stegenian, C. T. Seaton, E. M. Wright, R. Zanoni, and
T. Boardman, A. D. Twardowski. Exact dispersion relations for transverse
magnetic polarized guided waves at a nonlinear interface. Optics Letters,
12(3):187 189, 1987.
[224] A. D. Boardman, A. A. Maradudin, G. I. Stegenian, T. Twardowski, and
E. M. Wright. Exact theory of nonlinear p-polarized optical waves. Physical
Review A, 35(3):1159 1164, 1987.
[225] M. Y . Yu.
Surface polaritons in nonlinear media.
28(3):1855 1856, 1983.

Physical

Review

A,

[226] K. M. Leung, p-polarized nonlinear surface polaritons in materials with
intensity-dependent dielectric functions. Physical Review A, 32(8):5093 5101,
1985.
[227] J. Ariyasu, C. T. Seaton, G. I. Stegeman, A. A. Maradudin, and R. F. Walhs. Nonlinear surface-polaritons guided by metal films. Journal of Applied
Physics, 58 (7): 2460 2466, 1985.
[228] A. D. Boardman, G. S. Coopers, A. A. Maradudin, and T. P. Shen. Surfacepolariton solitons. Physical Review B, 34(12):8273 8278, 1986.
[229] E. Feigenbaum and M. Orenstein. Plasmon-soliton. Optics Letters, 32(6):674
676, 2007.
[230] M. Asobe, T. Kanamori, and K. Kubodera. Applications of highly nonhnear
chalcogenide glass-fibers in ultrafast all-optical switches. IEEE Journal of
Quantum Electronics, 29(8):2325 2333, 1993.
[231] A. R. Davoyan, L V. Shadrivov, and Y. S. Kivshar. Nonlinear plasmonic slot
waveguides. Optics Express, 16(26):21209 21214, 2008.
[232] A. R. Davoyan, 1. V. Shadrivov, and Y . S. Kivshar. Self-focusing and spatial
plasmon-polariton solitons. Optics Express, 17(24):21732 21737, 2009.
[233] Y . Liu, G. Bartal, D.A. Genov, and X. Zhang. Subwavelength discrete solitons
in nonlinear metamaterials. Physical Review Letters, 99(15):153901 4, 2007.
[234] L. Brzozowski, E. H. Sargent, A. S. Thorpe, and M. Extavour. Direct measurements of large near-band edge nonlinear index change from 1.48 to 1.55 mum
in ingaas/inalgaas multiquantum wells. Applied Physics Letters, 82(25):4429
4431, 2003.
[235] K. Okamoto.
York), 2000.

Fundamentals

of Optical Waveguides.

Academic Press (New

102

BIBLIOGRAPHY

[236] H. Ishikawa and T. Kondo. Birefringent phase matching in thin rectangular high-index-contrast waveguides. Applied Physics Express, 2(4):0422021
0422023, 2009.
237] R. S. Weis and T. K. Gaylord. Lithium niobate: Summary of physical properties and crystal structure. Applied Physics A Solids and Surfaces, 37(4): 191
203, 1985.
[238] A. R. Davoyan, I. V. Shadrivov, and Y. S. Kivshar. Quadratic phase matching
in nonhnear plasmonic nanoscale waveguides. Optics Express, 17(22) :20063
20068, 2009.
[239] Z. Ruan, G. Veronis, K. L. Vodopyanov, M. M. Fejer, and S. Fan. Enhancement of optics-to-thz conversion efficiency by metallic slot waveguides. Optics
Express, 17(16):13502 13515, 2009.
[240] A. R. Davoyan, I.V. Shadrivov, Y.S. Kivshar, and D. K. Gramotnev. Optimal
tapers for compensating losses in plasmonic waveguides. Physics Status Solidi
RRL, 4(10):277 279, 2010.
[241] Kh. V. Nerkararyan. Superfocusing of a surface polariton in a wedge-like
structure. Physics Letters A, 237(1-2): 103 105, 1997.
[242] A. J. Babadjanyan, N. L. Margaryan, and K. V. Nerkararyan. Superfocusing
of surface polaritons in the conical structure. Journal of Applied Physics,
87(8):3785 3788, 2000.
[243] M. I. Stockman. Nanofocusing of optical energy in tapered plasmonic waveguides. Physical Review Letters, 93(13): 137404 4, 2004.
244] D. K. Gramotnev, D. F. P. Pile, M. W. Vogel, and X. Zhang. Optimized
nonadiabatic nanofocusing of plasmons by tapered metal rods. Physics Review
B, 75(3):035431 8, 2007.
[245] S.I. Bozhevolnyi and K.V. Nerkararyan. Adiabatic nanofocusing of channel
plasmon polaritons. Optics Letters, 35(4):541 543, 2010.
[246] M. W. Vogel and D. K. Gramotnev. Shape effects in tapered metal rods
during adiabatic nanofocusing of plasmons. Journal of Applied Physics,
107(4):044303 8, 2010.
[247] D. K. Gramotnev, M. W. Vogel, and M. I. Stockman. Optimized nonadiabatic
nanofocusing of plasmons by tapered metal rods. Journal of Applied Physics,
104(3):034311 8, 2008.
[248] H. G. Frey, S. Witt, K. Felderer, and R. Guckenberger. High-resolution imaging of single fluorescent molecules with the optical near-field of a metal tip.
Physical Review Letters, 93(20):200801 4, 2004.

BIBLIOGRAPHY

103

[249] C. Ropers, C. C. Neacsu, T. Elsaesser, M. Albrechty, M. B. Raschke, and
C. Lienau.
Grating-coupling of surface plasmons onto metallic tips: A
nanoconfined light source. Nano Letters, 7(9):2784 2788, 2007.
[250] E. Verhagen, A. Polrnan, and L. Kuipers. Nanofocusing in laterally tapered
plasrnonic waveguides. Optics Express, 16(1):45 57, 2008.
[251] V. S. Volkov, S. I. Bozhevolnyi, S. G. Rodrigo, L. Martin-Moreno, F. J. GarciaVidal, E. Devaux, and T. W . Ebbesen. Nanofocusing with channel plasmon
polaritons. Nano Letters, 9(3): 1278 1282, 2009.
[252] E. Verhagen, L. Kuipers, and A. Polman. Enhanced nonlinear optical effects
with a tapered plasnionic waveguide. Nano Letters, 7(2):334 337, 2007.
[253] A. R. Davoyan, I. V. Shadrivov, A. A. Zharov, D. K. Gramotnev, and Y. S.
Kivshar. Nonlinear nanofocusing in tapered plasnionic waveguides. Physical
Review Letters, 105(11):116804 4, 2010.
[254] K. Tajima. Compensation of soliton broadening in nonlinear optical fibers
with loss. Optics Letters, 12(1):54 56, 1987.
[255] H. H. Kuehel. Solitons on an axially nonuniform optical fiber. Journal of the
Optical Society of America B, 5:709 713, 1988.
[256] E. Ryder and D. F. Parker. Coupled evolution equations for axially inhornogeneous optical fibres. IMA Journal of Applied Mathematics, 49:293 309,
1992.
[257] G. A. Korn and T. M. Korn. Mathematical Handbook for Scientists
gineers. McGraw-Hill Companies (New York), 2 edition, 1967.

and En-

