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Abstract

Noble metal nanopatrticles (NPs) are well-knowresdibit a strong interaction with
light due to the excitation of localized surfaceagghons. Recent advances in
nanofabrication have enabled us to design the trambsres with different shapes and
functionalities, such as nanorices, nanorings, arahoshells. These core-shell
nanostructures have attracted much attention duéetio applications in opto-electric,
biological, and electronic devices. This disseotatieports the studies of the interactions
between the light and dielectric-core_metallic-sm@nostructures. The simulation tool
used in this dissertation is Graphic:Procé-ss-UaEdai (GPU-Based) finite-difference
time-domain (FDTD) method-The GF_’U is g-raphié-pm unit that can greatly speed
up our simulation efficiency and redﬁcéﬁ%’%uiaﬁtme. In addition, a new and efficient
dielectric function model was_-dev,_élopé.(ﬁi aﬁld incoaped into our FDTD, and the
simulation result can describe a{.ccurately'th.;e dsspe of gold and silver in the
wavelength range between 180nm and 2000nm. ThisDF@®l was then used to study
the localized plasmon modes in dielectric-core gidll nanocylinders.

First, we focus on the plasmon modes of a cord-ghahocylinder pair. The
simulations results show the lightning-rod effectd ahybridized plasmons are two
important factors in enhancing the electric fielde also studied the excitation of non-
dipolar plasmon modes by using the phase retardaffect. In addition to simulating the
extinction spectra and electric field distributiprtbe relation of energy flows and
localized plasmon modes is also studied. Optirgjudarities associated with plasmon

modes are found to exist in a core-shell nanocglinghir. The optical vortices as well



as saddle points can be observed in thegerikaw pattern of light interacting with
the core-shell nanocylinder pair in its in-phasensyetric dipolar plasmon mode. The
rotating direction of the optical vortices can lbedd by varying the width of the gap
between the nanocylinder pair and the value ofpienittivity of the dielectric core.
Finally, we extend our studies on core-shell nahondgr pairs from one pair to three
pairs. The results show the core-shell nanostrasttiave a property that makes it an
ideal candidate for both surface enhanced Ramafttesng (SERS) and surface

enhanced infrared absorption spectroscopes (SEIRA).
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Chapter 1

Introduction

1.1 Surface plasmon oscillations of Metals

Physicist Richard P. Feynman once said “TherkEatp of room at the bottom”, which
implies that fabricating tiny materials and studyphenomena of them have been a trend
in science and technology. Since R. W. Wood [l1kaliered the strange reflection
spectra of optical diffraction gratings in 1902 tbptical properties of metals in nanosize
has been attractive to the scientists. ahd ._éngine@hsa phenomenon found by R. W.
Wood was explained by U. Fanb [2], who ‘describés tasult as the electromagnetic
wave propagating along the_.slurface' 'Q;-f_méfals. 'éxislanation is known as surface
plasmon theory. Since then, the interatr:'Ei:'on.s’be’lweetals and electromagnetic waves
become an important topic in o_b"[ic_:sl.

As the fabrication of technology has.been impdyvke feasibility of nanostructures has
enabled us to design the devices to control eleagmetic wave in nanoscale region.
Surface plasmons have been employed in a widerspedf studies, which are ranged
from electrochemistry [3], biosensing [4-6], soleells [7-8], to scanning tunneling
miscroscopy [9]. Recently, another interesting @fief light interacting with structured
metal has been discovered: the enhanced transmigbiough periodic arrays of
subwavelength hole in optically metallic film cae brders of magnitudes larger than

expected from the standard aperture theory [10&rAfsom its fundamental theory, this



extraordinary transmission effect can be appliesubwavelength photolithography [11],

near-field microscopy, and flat-panel displays.

1.2 Localized surface plasmon oscillations of metaknoparticles and

their applications

Individual metallic nanoparticles also exhibitusnal optical properties, which are
called localized surface plasmon (LSP) [12]. Plasimcstructures are often made of
noble metals such as gold (Au) and silver (Ag),dose these metals are stable under
ambient conditions and show strong localized serfalasmon resonances. The localized
surface plasmon (LSP) means: that: the ﬁon-propa@temations of the conduction
electrons at the surface of _me;(allic_ partiqlés.nﬁ@ntly enhanced scattering and
absorption at their LSP resonances caﬁm appliegtical imaging and photothermal
therapy. Furthermore, the intense elec.t%rc fiéltuér'msity near the surface of the metal
nanoparticles generated by .Ithe}'l- LSP can “be utilifed the surface enhanced
spectroscopies (SES) [13-14].

The most widely used surface enhanced spectrgg&HS) is surface enhanced Raman
scattering (SERS), where the electromagnetic erdmaect factor is proportional to the
fourth power of the electric field incident on thwlecule [15-16]. The typically quoted
values of the SERS enhancement factor, i.e., the lbatween a measured Raman cross
section in the presence and in the absence of al meface, ranged from iand 16in
the case of silver colloids [17]. Later, new singielecule SERS experiments on Ag and

Au colloids have indicated that a much larger egkarent factor occurring under special
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Figure 1.1 The plasmon resonances of a 120-nm-dé&raica core coated with varying
thicknesses of gold shell. Note the blue shiftha plasmon resonance as the
size of the gold layer increases from 5 nm to 20 (8arbhi LaL et al. Nature

Photonics/1, 641-648 (2007))



circumstances [16-18]. It's now well accepted thhhost all single molecule SERS
signals detected in colloidal aggregates resulnfimairs of directly adjacent metallic
nanoparticles and not from single isolated metailémoparticles. The region between
nanoparticle pairs contains hot spots that give tasthe enormous enhancement factors,
which are required to observe single molecule SERS.

Recent advances in nanofabrication have enalded design the nanostructures with
different shapes and functionalities, such as nee®r[19], nanorings [20], and
nanoshells [21]. Compared to solid metallic péetic these core-shell nanostructures
exhibit highly tunable plasmon modes, whichhiswn in figure 1.1, that can be tuned
over an extended wavelength range 'bet__\zveen gigibtl near infrared regions and the
variation of the plasmon resonance Wa\-/eiength terpneted as originating from

coupling of localized surface plasmonmodes afither and outer surfaces of the core-

g -4

shell structure [20,22]. Since_the firstﬂrﬁa:__b-ri'catiof the nanoshells in 1998 [23], the
metallic nanoshell has been Sfudiéd intens'i\’/e_gly/'eilious imaging and spectroscopic
applications, by employing the high tu.nabilit.)./ ta plasmon resonance frequency as well
as the enhanced local fields in the vicinity of th@noshells [24—26]. In particular,
surface enhanced Raman scattering (SERS) from thaseshell substrates has been
studied systematically in several recent works ighkbd by the Halas group [21-23, 26].
In these studies, SERS was observed from eitHati@as containing these metallic
nanoshells or nanoshell thin filmsubstrates [2¥ith enhancement at least as strong
as those obtained from colloidal aggregates of liieetparticles. For example, the

enhancement factor of about’Has been achieved with SERS for para-mercaptoanili
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Figure 1.2 Surface enhanced Raman scattering epeopy: (a) the schematic geometry
for gold-nanoshell substrate and (b) Raman specwtimp-mercaptoaniline
collected with no nanoshells (blue) and SERS saewith nanoshells. (Surbhi

LaL et al. Nature Photonicg, 641 (2007)).



(PMA) on gold nanoshells in figure 1.2. Furthermd@&RS was achievable with infrared
nanoshells, with the tenability of resonance wawgtles depending crucially on the ratio
of the inner and outer shell radii as well as thellghickness [28].

Another common used SES is surface enhancededftabsorption (SEIRA) [29-32],
where the enhancement is only proportional to thease of the electric field. However,
SEIRA plays an important role in the field of chealiand biological sensing since it
probes dipole-active vibrational modes, which pdevia complementary analysis of
analyte molecules. The reason why SERIA is lessadive than SERS is mainly
because of the excitations of plasmonic nanostresttypically occurring in the visible
and UV regions. Recently, it has be_gh shown. thatadimensional hexagonal close-
packed (HCP) array of nangshellsawith nénoscales dpgdween nanoparticles provides

signicant enhancements to both SERS" and éERIA,ctMﬂy combining both

spectroscopies on a single substrate-.'['_".;a’:__é].'An egpbn of nanoshells aggregates in
probing vibrational modes of adeni'ne is rea1i'z§c[34a], which is shown in figure 1.3.
The figure shows the transmissidn .spectrt.J.m of aeanine and SEIRA spectrum of
adenine on nanoshells aggregates, which produags duality spectra required for
vibrational spectroscopy. The surprising discguerthis experiment is that the same
substrate can provide strong electromagnetic emma@ots at the same spatial locations

in both the near-infrared (NIR) and the mid-inficai(®IR) regions of the spectrum.

1.3 Organization of the dissertation

In this dissertation, we focuses on the opticapprties of nanocylinders composed of a
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Figure 1.3 Transmission spectra of (i) of neat ateand (ii) transmission spectrum of
adenine on nanoshell aggregates. Inset shows ¢fevmvenumber spectra
for (ii). Strong molecular peaks from adenine aersin the fingerprint region
of the SERIA (ii) spectra. (J. Kundu et al. CherhRhysical Letters452 115

(2008)).



metallic shell (Au) and a dielectric core (silicayjith an emphasis on the coupling
between these core-shell nanocylinders. The irtieracbetween the metallic
nanostructures results in large variations of theogption, scattering, electric field
intensity and energy flow distribution. Thus, ateysatic study on the coupling of
localized surface plasmon in core-shell nanostreasiimportant.

In chapter 2, we briefly review the surface plasntheory, localized surface plasmon
theory, and the plasmon hybridization method (PHie PH method gives an intuitive
and simple way to determine the plasmon resonampiéncies of nanostructures of
varying complexities.

In chapter 3, the optical properties_.of' the ‘celieH nanostructures in this dissertation
are studied by using finite-difference time-domaiathod (FDTD). We will introduce
the fundamental theory of FDTb me‘t_ﬁqgh_, .j;\_n.d theriéémhow to use the FDTD method
to obtain the extinction, scatiering, ang'_:ééb-s'orpﬁpectra. Finally, we speed up FDTD
simulations by using graphics pfbc_e"ssor units. .

Compared with other frequency-dorﬁain eléctrom&gtsdzmulation methods, the FDTD
method has the advantage that it can get full sp@ctin a single simulation by
propagating a short pulse, but it requires a gawlytical model for the description of
the dispersion of materials. In chapter 4, such efficient dielectric function is
implemented into finite difference time domain neathfor simulating the localized
surface plasmon modes in core-shell nanostructures

Chapter 5 shows the optical properties of a digtecore gold—shell nanocylinder pair.
The plasmonic interaction between the two dieleatdre gold-shell nanocylinders could

contain an additional plasmon mode, which can't éelained by the plasmon



hybridization method (PH method). This additionEsmon mode is resulted from the
coupling of the electron at the outer surfaces h& two nanocylinders due to the
lightning rod effect.

In chapter 6, the retardation effect on the plasmmodes in a silica-core gold-shell
nanocylinder pair is studied. We show that for figblarized perpendicular to the axis
connecting the pair, the spectrum depends sengitivethe size of nanocylinder pair. As
the size increases, several retardation-induceddmmiar plasmon modes including
multipolar modes appear in the spectrum and thenseece wavelength and strength of
its plasmon modes can be tuned by changing sepanaidth between the nanocylinder
pair. In chapter 7, we first introduce Fhe' fundataeprinciple of optical singularity and
then discuss optical singularities'associatéd withenergy flow of two closely spaced
dielectric-core gold-shell nandc'ylinde;sz‘l;hé'_i«:mt vértices as well as saddle points
can be observed in the énergy flc-);_\%f..__batternigﬁtIinteracting with the core-shell
nanocylinder pair in its in-phasé 'sy_r"nmetric di'pc_phismon mode. The rotating direction
of the optical vortices can be tuﬁed by Qarying thielth of the gap between the
nanocylinder pair and the value of the permittiafythe dielectric core.

In chapter 8, we discuss the optical propertiesnaltiple dielectric-core gold-shell
nanocylinder pairs. The lightning-rod effect on th&8P modes of multiple core-shell
nanocylinders results in the large electric fiedlensity in the infrared region at long
wavelength. The lightning-rod and hybridized plasimoare two important factors that
make multiple core-shell cylinders an ideal cantlidar both SERS and SERIA.

Finally, the conclusions of this dissertation drawn in Chapter 9.
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Chapter 2

Theory

2.1 Fundamental properties: dispersion relation, popagation length,

and excitation of surface plasmons

The electron charges on a metal boundary camner€oherent fluctuations which are
called surface plasmon oscillations [1]. These gharscillations, which can be localized
perpendicular to the surface within about 1 A (ThsrAFermi scattering length), are
accompanied by a combination between-'_.'transversalImmgitudinal electromagnetic
fields shown in figure 2.1. |

We consider a model consisting of -i'v'_\(';i;_é_..’_e}.r.\i-imﬁnhedia with dielectric functions,
andeq separated by a planar interface. The interactidwden the surface charges and
the electromagnetic field result.s. in Lth_e mor_n.e:n:tdrthe surface plasmons (SPs) mode,
which is larger than that of a photon of the sameguency in free space. This can be
inferred from the SP dispersion relation [2], whishobtained by solving Maxwell's
equations under the appropriate boundary conditibine dispersion relation in figure 2.2

can be written as

gd gm

Ky =Ky [——,
E4tE,

p o

2.1)

whereen, andeq are the permittivity of the metal and dielectriespectively. TheK, is

the wave-vector of free space and #g is SP wave-vector. In order to satisfy the

12



Figure 2.1 The charges and E
metal and dielectri

Figure 2.2 The dispersion relation of SPs.
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equation (2.1), the,,, and &, must have opposite signs if the SPs are to balpess the

interface between the metal and dielectric. Thisddwmn is satisfied for metal because its
permittivity is both negative and complex. The éigion relation shows that there is a
momentum mismatch between light and SPs at the §@geency. Therefore, to excite
SPs is needed to provide an increase in momenfonte the SPs have been excited by
incident light, the surface plasmon wave will prggte along the surface but also
attenuate. The attenuation is originated from th&ogotion of metals. The propagation

length of SPJ_, can be obtained by evaluating the imaginary pagurface plasmon

wave-vector,K ",

[3]. We should note th_dﬁsp=Ksp'+iK S

. 2 A
5, =t =K (ot Emy (En) - 2.2)
2K," ELE £

m m

where £, 'and ¢,," are the real .and |maglﬁa{y parts/of-the dieledtnztion of the metal,

2l
| |

thatis to sayg, = £,/'+ie,," . 'As an e;émﬁ;i;é, s_i.:lver_(Ag) is the metal with tbe loss in
the visible range: propagation disténces are"tm;ibathe range 10-10Qu m. The figure
2.3 shows that the electric field of SP modes enghrpendicular direction is evanescent,
which reflects the non-radiative property of SPs.

The excitation of SPs by light is needed to owere the momentum mismatch. There
are three main techniques by which the missing nmbame can be provided. The first
case is to make use of a prism to increase the mommeof the incident light [4-5],

which is called as ATR coupler. If light is incidenside the dielectric mediunaX1), its

momentum becomegu/ c)\/E and its projection on the surfacéas/ c)\/EsinH.

14
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Figure 2.4 The configurations for excitation of $dight. (a) Otto configuration, (b)

Kretschmann configuration, (c) grating, (d) surfdegect.
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The equation (2.1) can thus be satisfied by thacdeshown in figure 2.4(a)-(b). The
second excitation way is to use a periodic coriogah the metal’s surface [6]. The last
configuration is to use the scattering by a defecta metallic surface, such as a

subwavelength hole, which provides a convenient twagenerate SPs locally.

2.2 Introduction to localized surface plasmon resance

For the case of localized surface plasmons shiowiigure 2.5, light interacts with
particles that are much smaller than the incideswelength. The LSP resonance means
that the collective electrons oscillate aroundph#icle surface with a specific frequency
[8]. Similar to the surface plasmon re,sohan_k:eldbalized surface plasmon resonance is
sensitive to changes in the Ioc_al dielectric enwinent [9-10].

A compact treatment of quél}éed SUIiff_;chg blasrriénpresented here. We consider a
spherical nanoparticle with radiuélmfr'.%hat.’is irradiated by z-polarized light of
wavelengthi in the limit of(a//l) .<Q.:-1. In thislllimit; the magnitude of the electric tiel
appears static around the nanoparticles. Therefare, can use a quasi-static
approximation to solve Maxwell’'s equations. Theuitsg solution for the EM field

outside the nanopatrticles is given by

A

z 3z, . N~ A
)aSEo(——r—5(><><+yy+ZZ), (2.3)

r3

£
2€

A En
Eout (X’ y! Z) = EOZ - (Smm+
where g, ande are dielectric constant of the metal nanopartiales surrounding

medium, respectively. The equivalent dipole monfeiig given by

P =4z (i _2££)E0 = g,£0E,, (2.4)

E _+

m
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Electric field

Electron cloud
a<< A

Figure 2.5 The schematic diagrérﬁ of ihe Ioéélizhrmse plasmon: the diagram shows
that for plasmon oscillation for a sphere, the ldispment of the conduction

electron charge cloud relative to the nuclei.
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where a is the polarizability. From the equation (2.4), wan infer that when the
dielectric constant of the metal is roughly equal-2¢, the electromagnetic field is
enhanced relative to the incident field. For exampte cases of the silver and gold are
met in the visible region of the spectrum.

In the near field zone (kr<<1), we can descrhe ¢lectric field and the magnetic field

resulted form the dipole mome#ft as follows.

g-30ip)p1 (2.5)
diE,e 1l
A :lﬁ(ﬁx ﬁ)ri, (2.6)

where k27 /4 and N is unit vector in the direction of the observatjpmint. On the

other hand, in the limit of the/radiation zone ¢kt¥, the dipole fields are of the well-

=
o
e
| 1

known spherical-wave form -

2 ikr
A= (xS,
4n r

E= [ fxn. (2.8)
£,

By using the analytical solutions, we can obtaia dptical properties of the material

2.7)

whose shapes are spheres and spheroids. Althoulgh f@n geometries have the
analytical solution, researchers have developedraenwumerical methods that can help
us study the optical properties of nanostructutes sas discrete dipole approximation
(DDA) and finite-difference time-domain method (FD)IT11-12]. The FDTD numerical

method will be introduced in chapter 3.
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2.3 Plasmon hybridization method

As mentioned earlie@n analytical solution, such as Mie scattering thhecan be used
to describe the optical properties of highly synmoetpherical nanostructures. Using the
electromagnetic computational methods, such as D&#® FDTD, has enabled
calculations of the plasmonic properties for momemplicated nanoparticles and
nanostructures. Although these methods can oblenoptical properties of arbitrary
nanoparticles geometries directly, they give vétielphysical insight into the nature of
plasmon resonances. Fortunately, the plasmon hyatidn method developed by the P.
Nordlander Group provides researchers an intuitie¢hod for calculating the plasmonic
properties of nanostructures [13-18]. .

Plasmon hybridization method is a mesoscale reimtgnenc theory similar as how
atomic orbitals interact to form molecurar orbltaiselectronlc structure theory. In other
words, the concept of the Plasmon Hybrldlzatlon hoetis that it deconstructs a
nanoparticles or composite structu_:re into more :,elﬁary shapes, and then calculates the
plasmon resonance energy of the éomposite nancdleartiThis theory enables us to
predict intuitively the plasmonic properties of qaex nanostructures from the

experience of molecular orbital theory.

2.3.1 Plasmons of a cavity and a solid sphere

In this section, we introduce the plasmonic prope of a nanoshell ( a core-shell
spherical particle consisting of a dielectric cari¢gh a thin metallic shell) based on the

plasmon hybridization method. The nanoshell wadizesh experimentally fabricated

19



with a thin noble metal shell grown onto a functibred silica core [19]. The plasmonic
characteristic of the nanoshell is viewed as aildigation of the plasmon resonances of a
nanosphere and a nanocavity.

Plasmons are thought of as incompressible iiortak deformations of the conduction
electron gas in metallic structures. We assumetktgaélectrons form a liquid of uniform
electron density on the ion cores. The ion coresipyg the fixed positions to form a rigid
uniform background charges. The system is assumée tharge neutral and shown in

figure 2.6. We define a scalar potentipkhat satisfies the Laplace equation to describe
the deformation of the liquid. It follows that tflaid velocity can be written ag =7.

The dynamics of the charge distribution are derivedetail in [20]. After determining
the dynamics of small deformatiohs in this fluieg apply this formalism to calculate the

plasmonic responses of a nanoshelI."T_-_i:_;e,_'.g'ispemﬁdr_ne metal is modeled by a Drude

%

dielectric function, which is given by .

() =1-“ R 5, B 2.9)
[

2 k)

where w;, is the bulk frequency. For brevity, the effectdiod dielectric polarizibilities of
metal due to the ion cores and of the medium atie igoored.

The plasmonic responses of a nanoshell can besdias the interaction between a solid
metallic sphere and a spherical cavity inside ak buletal. First we consider the
plasmonic properties of a cavity. For a cavity adius a inside a bulk metal, tipecan

be written as a sun of spherical harmoni¢s,(Q),

21+1

10.Q) =3 [T Cn O (@), (2.10)
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y

Electron liguid

Figure 2.6 Plasmons are thought of as incompressildtational deformations of the
conduction electrons in metallic structure. Theuiligof uniform density is

electrons (blue) and the rigid background chargesaa cores.
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where the normalization constar@;,, were chosen for conveniendas the angular

momentum (multipolar order), and m is the azimuthdkx. According to the dynamics
of the charge distribution in [20], a calculatiohtlbe kinetic and electrostatic energy of
the void can be evaluated. Then, the Lagrangiathioelectron gas of the void inside the

bulk metal can be obtained as

= oM Z[c:2 ~ @} C2. (2.11)

The solution of this Lagrangian is a set of decedpbscillators with frequenay, ,
which is the plasmon frequency predicted by clad$ie scattering theory [21]

| +1
R P

(2.12)

A similar calculation can be followed foira_a‘s'dricétallié sphere of radius b. Thecan be

g

also written as a sun of spherical harmdrﬂ{ﬁ,'(g W )

n(r,Q) = Z =5 'Y, (Q) " - (2.13)

b2|+l
where S, are normalization constants for a solid sphere.

The Lagrangian for the electron gas of a solid spie
n .
L= S (S0~ Sl (2.14)
I,m

This solution is similar to that of a void insideetbulk metal and they,, is equal to the
plasmon frequency predicted by Mie scattering théar a solid sphere.

|
2l +1°

sl :wB (215)
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2.3.2 Hybridization of nanoshells

For a metallic nanoshell with inner radius ofna @uter radius of b, the general solution

of Laplace equatiowy is given by

7.9 =X b2.+lsm(t) ,/a GO (@), (2.16)

following the similar procedure in above sectidre tagrangian of the nanoshell is
LNS = (1_ X2+l)(|-s + Lc + nOmewC,I a)S,I XI+1/2CImSm) - 12)

For each angular number this system has two fundamental frequencies

1 "
aﬁ=%(1¢z+l\/1+4|4+1)§f' L oty (2.18)
From equation (2.18), the plasmon responses ofnashmall can be understood as the
interaction of the sphere and cavity: :Qlasmons Hﬂeeconceptually introduce the
hybridization of nanoshells. The hybrldlz-atloh beem the plasmons of a cavity and a
sphere results in a splitting of_'é lp:i/ver energ:y:;Mic plasmon and a higher energy
antisymmetric plasmon, which is shoWn in-figure. Ze hybridized plamons support an
antisymmetric higher energy dipolar plasmon (thargk distribution on the inner and
outer surface of the shell are opposite in sigrd arsymmetric lower energy dipolar
plasmon. The symmetric plasmon mode has a largeatedmoment than antisymmetric
mode, and therefore it is easier to be excitednisident waves. Most importantly, the

thickness of the metallic shell decides the intgoacdistance between the sphere and

cavity plasmons, which leads to the well-known tlagplasmons.
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Figure 2.7 The energy dlagfafn ybridiz el of a nanoshell. Hybridization
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nanoshell plasmons.
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Chapter 3

Finite-difference time-domain method

In this chapter we will introduction the finitefi@grence time-domain (FDTD) method.
In 1966, Kane Yee [1] proposed the FDTD method,civhivas the Maxwell's curl
equations based on the central difference methadinally, the FDTD method was not
popular due to the large computational efforts. Ewev, the advances of the computer
performance and parallel computational techniquesveh enabled us to do
electromagnetic simulation using the FDTD methodereasily. An excellent textbook
on the FDTD algorithm was written by Taflove et[d] and can be used as a self-
learning textbook. Here we only briefiy preéént BRETD algorithm.

3.1 Fundamental Maxwell's equat;*gns .

The two Maxwell’s curl eqUa_tions for an isotropiedium are

a_H:_leE (3.1)
ot Y7

%E_1pxA. (3.2)
ot ¢

First, the FDTD method solves Maxwell's equatiogsdiscretizing the equations via
central differences in time and space. The mostneom method to discrete these
equations is based on Yee's mesh [1] and comphéls and H field components at

points on a grid with grid points spacad, Ay, andAz apart. TheE and theH field

components are then interlaced in all three spdiiaénsions as shown figure 3.1.
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ode (i+1,j+1,k+1)

node (i,j,k)

ﬁ E,(1.1.4) o
A

Figure 3.1 Position of the E é;nd.ii-l Tields'i’hsi;elﬂic unit cell of the Yee space
lattice. Every E field is located Y2 grid size fratme origin in the
direction of its polarization and every H fieldafset ¥ grid size in each
direction except its polarization direction. (A. Elsherbeni, The Finite-
Difference Time-Domain Method For Electromagneti¢gh MATLAB

Simulations, Scitech Publishing (2008))
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The Yee algorithm solves for both tBeandH fields in a systematic approach. After
discretizing these equations (3.3)-(3.10), we datain six difference equations that can

be computed at a given mesh point and a givengieye

o0E
oH, __1 (aE y) (3.3)
ot U oy 0z

oH

y __10E,  OE, ) (3.4)
ot Y7 oz
oH 1 0E,

L =- ) (3.5)
ot 7 x oy
0E, _1,0H, OH

X — = z _ y ) .
ot 5( oy 0z ) : . &

dE, 1 .0H, oH ' '
y — & X _ z ; = .
ot 5(62 ax) N el N - ®

%, _1H, oH,, R
ot & 0x oy

&B.

Then, two major problems need to be solved: orth@snumerical dispersion, and the

other is the boundary conditions.

3.2 Courant-Friedrichs-Levy (CFL) condition for the FDTD method

The finite-difference time-domain method samgles electric and magnetic fields at
discrete points in both time and space. The chofdhe sampling must follow certain
restrictions to guarantee the stability of solutidmecause the hyperbolic partial
differential equations have a finite physical domaif dependence due to the finite
traveling speeds of waves. The numerical stahilitthe FDTD method is determined by

the Courant-Friedrichs-Levy (CFL) condition [dJhe CFL condition is the principle that
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requires a specific bound between the time étejpnd the lattice space size. The CFL
condition is given by

At < ! (3.9)

\/ 1 1 1
C + +
(BX?)  (By?)  (Az®)

where c is the speed of light in free space. If $patial grid is chosen as a cubic,

whereAx = Ay = Az, the equation (3.9) reduces to

A< X (3.10)

cv3
Therefore, if we want to control the numerical @isgpon, the maximum allowed time

step is always smaller than the minimum(qf(,Ay,Az)/c. In the one-dimensional case

whereAy — o andAz - o« in equation (3.9), the CFL condition reduces to

X - [ =55 ||
At <—. 'I";_'
C 1

(3.11)

This equation implies that a wa\'/e,:can’t be .a\lg\m}dravel more than one cell size in

space during one time step.

3.3 Absorbing boundary conditions

The FDTD simulation domain is finite, which isnited by the computational storage
space, and this domain needs to be truncated hyiatg®undary conditions. In this
dissertation, we focus on the studies of EM saatjegproblems. The boundary condition
should be chosen as the absorption boundary condit that the simulated domain can
be modeled as an open space. Without absorptiandaoy conditions, the outgoing

wave would reflect at the boundary. This will résal non-physical simulation results
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after a certain amount of simulation time. So fayeral various types of absorption
boundary conditions (ABCs) have been developed.pgrgectly matched layers (PMLS)
introduced by Berenger [3] has been proven to be @inthe most robust absorption
boundary conditions.

Since 1994, the PMLs introduced by Berenger v&zslas a boundary to terminate the
FDTD lattices to simulate open boundary condtiothee PMLs were shown to be
ineffective for absorbing evanescent wave. As allteshe PMLs must be placed
sufficiently far from the simulation obstacles suthat evanescent waves have
sufficiently decayed [4]. Another problem for PMIs that it suffers from late-time
reflections when terminating highly e_I.on'gat__ed tts or when simulating field with very
long time signatures [4]. Therefore;the twé PMinfalations, which are uniaxial PML
(UPML) and complex frequér{cy-shi-ft%q:'__P-l.\'(lL [Sj(CPMLWere developed to have
increased ability to absorb e.vanescer;tr'_;{\é/-é\)es, famkfore can in principle be placed
closer to a simulated scattering‘IOr:_r'adiating wngacthan Berenger's original formulation.

In order to check our correctnesé 6f the i.r.npllzixmafor UPML and CPML, we do a
numerical experiment as similar to the case in Ryure 3.2 illustrates an example:
three-dimensional electromagnetic scattering blgim PEC plate, having dimensions of
25x100mm. The FDTD simulation domain is discretized sgbtiwith uniform cubic
cells with size of 1mm, and temporally with a tistep At =1.906€ ps. The excitation is
provided by a z-directed electric dipole locatedhimbove one of the corner of the PEC
plate, which is the differentiated Gaussian putséime domain. In this case, we set up

the observation point in the plane of the PEC pdatés opposite corner, in a direction
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Figure 3.2 Numerical experiment: the geometry of alectric current dipole
placed 1 mm above the corner of28x100mm thin PEC plate. The
observation point is at its oppositecorner, inigedion normal to the

plate edge at a distance of 1 m_m‘.' 3
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Figure 3.3 Relative errors i&, in time domain, for 10-cells UPMLs placed 3 and 15

cells from the plate, and a 10-cell CPMLs placexti8 from the plate.
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normal to the plate edge at a distance of 1mm tberedge. There is an evanescent wave
due to the presence of the edge singularity. beoto assess the accuracy of our
simulation, we compare the FDTD simulation reswtth the reference data that was
obtained using a much larger FDTD simulation dom@#t01x 276x 17¢ cells). The
absorption boundary is 10-cell CPML absorption lmarg layers at each of outer domain

boundaries. Figure 3.3 illustrates the errors i ¢hlculatedE, at the observation point

for three different cases. The first case is thBML was placed only 3 cells from the
plate in all directions. For the second case, tR&U was placed 15cells from the plate
in all directions. For the third case, we use CPpiaced only 3 cells from the plate to
simulate the same as above cases. l.—‘.ro.m fi_gurewé.Ban see that CPML is much better
than UPML even at the case Whiéh was placéd oru_:lgIB from the plate. Therefore, we

can infer that the CPML formulation p’él:@._f;é muahedier space lattice to be employed.

%

3.4 Simulation domain

Our simulation domain, which. is s:,ho\/vn in figure ,.Xdnsists of three regions:

1. Region 1: Total field ;

2. Region 2: Scattered Field;

3. Region 3: Absorption boundary;
In the Region 1, the total field contains incidestve and scattering wave. The scattering
wave propagates into the Region 2 and finally soabed by the Region 3 (CPMLS). The
total field/scattered field formulation (TF/SF)rissulted from attempts to realize a plane-
wave source. The TF/SF technique has enabled FOmDiation to model a long pulse

or sinusoidal incidence for arbitrary propagatiarections. This formulation is based on
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the linearity of Maxwell's equations. It assumeattthe total electri€,., and magnetic

field H,,, can be decomposed in the following way
Etotal = Einc * Escat (3.12)
Hiotar = Hinc +Hacat (3.13)

where theE,_ andH, _ are the incident fields, which are assumed to mewk at all

points of the space lattice at all time steps. Eqe and H__ are scattered fields, which
are initially unknown. For one-dimensional casejchftonsists ofE, andH,, is shown

in figure 3.5. The TF/SF formulation provides us/esal advantages in the FDTD
simulation. These advantages include:arbitrarydeai field, relatively simple program,
and far-field responses. Therefore,"we adopf the&sF Formulation into our simulation

domain and truncate simulation doméi'r_i:“w]_t_ﬁ CPMiloider to study scattering problems.

3.5 Dispersion models

The optical properties of metals .aré usua.l.ly tegy-dependent. Conventionally, the
dispersion of metals is described by the Drude mod®TD method is an
electromagnetic field simulation tool in time domaso its major advantage is to provide
a full spectrum in a single simulation by propagata short pulse in the time-domain.
Implementation of an dielectric function into FDTHan be based on auxillary differential
equation (ADE) method [6], recursive convolutionthoal (RC) [7], or z transform
method [8]. In this section, we briefly introdutiee recursive convolution method to
implement the Drude model into FDTD by using RC moeit

The Drude model is given by
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.4
s(w)=¢, i (3.14)

where «j, is the plasma frequency andis the damping coefficient. The susceptibility

function is thus obtained by

X(w) = e(w)-¢€,,=- a)zafiyw' (3.15)

We can then fourier transform the equation 3.1% itime domain as
1 1 .
TRU(@) =TRE 422 -y = Boyeg —emuy) . (3.16)
y iw y-iw y
The update equation becomes

n-1

- _ (3.17)

o =4 e e

where At is the temporal disc_retizati'o'h" t;eﬁed in the FDTDoatgm andn stands for the

instantt =nAt . One additional ql_J'antity(O needs to be defined for the update equation of

E field that will be given by equation (3.18),.

X’ = -%(1-e‘”t)+%m : (3.18)

We can finally write the update equation for Ediels

1
g = 5w0E1+ at ODXH2+ 1OfP. 3.19)
E,tX &(E,+X) E, X

From above discussions, we can set a flow chadetoonstrate our FDTD simulation.
The figure 3.6 shows a standard FDTD simulatiomwfldhart for computing frequency

domain responses. Through these processes, thefregspectra can be obtained by the
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Figure 3.6 FDTD flow chart for computing freqﬂemlmmain responses.
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discrete Fourier transform (DFT) if the initial éation is a pulse in time domain. The
discrete Fourier transformation means the transition of the discrete processing data,
which is obtained in time domain. We should not the field values in the frequency
domain obtained by using DFT should be normalizgdhe Fourier transform of the
incident wave so that the frequency response o$¢h#ering particle will return to a unit

incident harmonic wave.

3.6 Cross sections

The scattering, absorption and extinction specta provide us with important
information for the plasmonic proper,tie.s of— metalianostructures. In this section, we
will show how to use FDTD méthod to obtain the estion, scattering, absorption
spectra of nanostructures [9]._. 'Il'o estabjigﬁ 'tléerldaml,.we consider the geometry shown
in figure 3.7. Since we use the TF/ISFF'.%:ecHniqujn FDTD simulation domain, the

incident field (€, H,) is incident. ofa fifite _s_cétter that lies inside surfaces. The

scattered field (E,,H,) propagates out from the scatter. The total fieldspace is

defined as
E=E +E, (3.18)
H=H +H,_, (3.19)

which is the same as in section 3.4. In generalsttattering particle can be dispersive
and absorptive. The absorbed power can be obtdigedtegrating the inward-going

component of the Poynting vector of the total fietver the surface S.
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Pabs=-%<f> Re€xH" )fids (3.20)
S

The scattered power can be obtained by integratirgoutwardly directed component

of the scattered Poynting vector over the surface S
1 _ ok
Pea=5 P Re(, x H; )lTids (3.21)
S

The extinction power is the sum of the scatteretiabysorbed power:

pm:_%que(Est; +E xH_ )iids (3.22)
S

The extinction cross section is the extinction pom@malized by the incident power as

equation (3.23).

‘;CﬁRe(Est:If*E* x H_)ifds N\ R :
C,,=—>3 3 %ﬁx - _ (3.23)

1 — I* - Fl)r'-lg- -
-2<5£>Re(Ei><Hi )@ids |

where thePR, is the incident power. The iextinction efficiencgn be obtained by
normalizing the cross section to cross sectionedva;, . Thea, is the effective radius,

which can be obtained from equation (3.24).

S =V (3.24)

The extinction efficiency is defined as follows:

Q=" (3.25)

And then, we compare the extinction efficienciesaoted from the analytical solution

and FDTD method in order to check this implemeatatiThe numerical experiment
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shows the extinction spectra of a metallic spheith the radius of 50nm obtained from
Mie theory [10] and 3D-FDTD. The simulation is show figure 3.8, which was done
with the grid size of 1.25nm, courant constant &, @nd the total simulation time of
60000 time steps. From this validation, we know Ei2TD codes we developed are
accurate enough that the extinction spectrum camétehed with the result from Mie

theory.

3.7 FDTD computations using a graphics accelerator

Introduction of CUDA (Compute Unified Device Aitécture) by Nvidia, a leading
GPU manufacturer, gave rise to.a new era_i of graptoenputing [11]. CUDA has also
been used to accelerate noh-graphical “applications computational  biology,
cryptography and electromaghétic field;-f_s_'.i?rh.ulatibﬁ.san order of magnitude or more.
Graphics computing is more accessiblerﬁfwm. evemalhbecome an important technique
in computational electromagne'fibs:-}n years f(:) ccﬁ]ﬁe}. In this section, The CUDA is
implemented into FDTD method to ac.celerate our &tan efficiency.

The reason behind the discrepancy in floating-poagability between the CPU and
GPU is that the GPU is specialized for computensitee, highly parallel computation.
Therefore, more transistors are devoted to dateegsing rather than data caching and
flow control, which is schematically illustrated bgure 3.9. More precisely, the GPU is
suitable for data-parallel problems. The data-pargiroblem means that the same
problem is executed on many data elements in par&ince the finite-difference time-

domain method is essentially the data-parallel lprabWe can expect the
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CPU GPU

Figure 3.9 The GPU devotes more transistors togltateessing. More precisely, the
GPU is suitable for problems that are data-parg&@UDA Programming Guide

Version 1.0. 2007)

Figure 3.10 The host issues a succession of kewvatations to the device. Each kernel
is executed as a batch of threads organized ad afghread blocks. (CUDA

Programming Guide Version 1.0. 2007)
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implementation of GPU-CUDA is suitable for the decation of the FDTD method.

3.7.1 CUDA programming model

In this section, we introduce the main concep#t thake up the CUDA programming
model by explaining how they are exposed in C. IGJOUDA extends C by allowing the
programmer to define C functions, which are cakethels. When we called the kernels,
they will be executed by CUDA threads. On curreRiUS, a thread block may containup
to 512 threads. A kernel should be executed bygémee shaped thread blocks, so that the
total number of threads is equal to the numbehidads per block times the number of
blocks. Therefore, these blocks are o.rgéniz_éd]im@r 2D grid as shown in figure 3.10.

In order to optimize our GPU-Bésed FDTD efficignwe should consider not only the
threads but also the memory_.hlierarchy;;ﬁbé'.issuﬂr;érefficient memory usage can be
found in [11]. Each thread has a priyatréii._loéal memBach block has shared memory
spaces, which are available to_éll _’g-ﬁreads of't:b'ekb Finally, all threads have access to
the same global memory. The shared memory is esge¢otbe much faster than global
memory. Any opportunity to replace global memory ¢ghared memory should be an
important issue.

For the optimization of reading data, there are tead-only memory spaces accessible
by all threads: the constant and texture memorgespal here is a total of 64 KB constant
memory on a device. The constant memory spacectsedabut only for the threads of a
half warp. Reading from the constant cache is sisdsreading from a register as long as
all threads read the same address. In additiorretie-only texture memory space is also

cached. The texture cache is optimized for 2D ap#tcality, so threads of the same
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warp that read texture addresses that are clogghigwill achieve best performance.
Using these two memory spaces can make the exeqpeed much faster. After
considering these techniques, our 2-D FDTD updgtaton becomes as the following

CUDA code:

0 texture<float, 2, cudaReadModeElementType> texiedey;

1 texture<float, 2, cudaReadModeElementType> t&xidfey;

2 texture<float, 2, cudaReadModeElementType> t&xdedey;

3 #define texcaey(i,j) tex2D(texref2dcaey,i,j)

4 #define texcbey(i,j) tex2D(texref2dcbey,i,j)

5 #define texccey(i,j) tex2D(texref2dccey,i,j) .

6 __global__ void tex2d_update_Ey field(float* hiﬂ:'g.at* hHz,float* hphidrueyl,int nx, int ny){
8 const int i:blockldx.x*blbckDim.x;rtﬁrh%:fa"(}ldi.x;

9 const intj:blockldx.y*block_Dim.Iyikthr-éf:édldx!';y;
» . ! 1
11 const int in=blockldx.x*blockDim.x+threadldx.x-1

12

13 if(i<nx-1&&j<ny-1&&i>0){

14

15

16 hEy(i,j)=texcaey(i,j)*hEy(i,j)+texcbey(i,j)*(hHgzj)+hHz(in,j))+texccey(i,j) *hphidrueyl(i,));
17 }

18

19}

The simple function has the information for the afedequations and the optimization of

reading data. First, we need to declare the texteference (line 0 to 2). Then these
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definitions are used to simply the matrix index.eTtexcaey(i,), texcbey(i,j), and
texccey(i,j) are the real-value matrices whose eslare constant throughout the

simulation. Thus we read those matrices by usirite memory.

3.7.2 Host and Device

CUDA programming model assumes that the CUDA thseadecute on a physically
separate device that operates as a coprocessw host running the C programming. In
other words, the device is GPU and the host is CIid.initial values are initialized at
the host and then transferred to GPU. The parthef EDTD that costs most of
computation time should be executed ét the dew@dtain the maximum optimization.
Therefore, the FDTD flow chart should be changed figure 3.11. In order to compare
the efficiency between the CPU FDTE?;and GPU-FDTI®, simulate a single metallic
nanocylinder with radius’ of 20nm.by.==u_smg two-dirsemal finite-difference time-
domain method. The test me@éhirjie:s are the :N\)idiaOGst the 3.3GHz Intel Xeon,
Quad-core, respectively. The nuﬁerical experimeiats vdone with two different
numbers of grids. In the first time, the experimeargs done with the gird number
2048x 204¢, and in the other time, it was done with the gnisnber8072x 307-. The
comparison can be found in Table 3.1. The efficyeiscdefined as the simulation time
cost by CPU divided by the simulation time cost@GRU. Compared with CPU-FDTD,
the GPU-FDTD is 25 times faster. The results shoat the GPU-FDTD enables us to

do electromagnetic simulation more efficiently.
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Grid number GPU-FDTD | CPU-FDTD
2048x 204¢ efficiency 25.1279 1
3072x 307: efficiency 26.0201 1

Table 3.1 The comparison of the efficiency betw&tJ-FDTD and CPU-FDTD. The

speed-up of GPU-Based FDTD is about 25 times.
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Chapter 4

Implementation of an efficient dielectric functioninto finite difference
time domain method for simulating the coupling betveen localized

surface plasmon of nanostructures

4.1 The advantage of the FDTD method: getting fulspectrum in a
single simulation

Comparing with other frequency-demain-eleetrongdignsimulation methods which can
obtain solutions at a definite frequency, thesEbhbBthod has the advantage that it can

get full spectrum in a single 'si'mulatiQU_.by-.broaﬁ@a short pulse, but it requires a

=
P

good analytical model for the descriptidhﬁbf thepdirsion of materials. For the analytical

L.

model, the four-Lorentzian (L4)'m_c_)del proposed Borand Norlander showed a better
fit than other frequently-used d.iele:ctri'c funcﬁdns gold and silver in the spectral range
between 180nm and 2000nm [1]. The other analytnatels, known as the Drude
critical point model which includes one Drude teramsl two critical point terms shows a
better fitting quality than the L4 model in the né#/ and visible region [2], but in the
wide spectral range between 180nm and 2000nm thdeDeritical point model is still
less accurate than the L4 model overall.

In this chapter, an improved dielectric functiorodel is developed, together with a
comparison of the improved model and L4 model vexperimental data [3] and the
fitting parameters for gold and silver are preséniiéhe results show that the model we

present is better than the L4 model for gold andesi both in accuracy and
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computational efforts in the spectral range betw&8®nm and 2000nm. We use it to
simulate the interaction between a pair of cordishanocylinders for polarization
direction parallel to the axis of the pair. Theules show that the plasmon resonance

wavelength red-shifted with decreasing gap width.

4.2 Dispersion models

4.2.1 The L4 model

An analytical model including the four Lorentzidarms (L4) has beenrecently
presented for the description of the dispersiogadfl and silver in the wide wavelength
range between 180nm and 2000nm. The medel candressed as

oley & Co . .
sw=¢,+—+ : : : 4.1
() i pzzlwz+Apiw+ B, - 41

S

We can implement the L4 rﬁodel by -;éf(_:_-ur'sive convoituRC) method or auxiliary
differential equation (ADE) metHo_d"which can :\_be'ivkeui from [4] into FDTD method
with the fitting parameters given iﬁ [i]. Altﬁoughis model is suitable for simulating
highly tunable metallic nanostructures such as slaglb and nano ring, we should note
that having more Lorentzian terms increases theracyg of the fitting quality, it also
increases the memory needed in the FDTD simulatioaddition, the L4 model is not
accurate enough to describe the permittivity of ége to large variations in the
imaginary part of the permittivity as compared wiitle experimental data. For the above
reasons, it is desirable to have an analytical mibade can best describe the dispersion of

materials accurately and cost the least amounteohony at the same time.

4.2.2 The CP3 model
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In order to obtain such an analytical model, vyetd use critical point terms to replace
the Lorentzian terms of L4 model because the atifoint term gives better description
of the interband transition of noble metals. Theuteshows that we can get better fitting
quality than the L4 model for gold and silver bgtjghree critical point terms. The three

critical point pole pairs (CP3) model can be expeelsas

i -ig,
@) =e, + T 3 (S A0,E (4.2)

=1 Qp—a)—irp Qp+a)+irp

Since a critical point term in the time domain vpaisved to be close to the form of the
Fourier transform of a Lorentzian term by A. Vi8] ps shown in equation (4.2). We can
implement the critical point term pf the CP§ moiéd the FDTD method similar to the
Lorentizn term by the RC method or.ADE_m_éthod,._lIdem for readers to implement it
conveniently, we offer the n-umerica'] E\_ﬁ'ﬁémentatiuinthe CP3 model with the RC

B

method in the appendix.

TFIG, (@] =2A,Q,6 Psin(@pt=a,) * .3)

4.2.3 Comparison of the models

In this section we compare the fitting qualityldf model and CP3 model with tabulated
values of gold and silver in [3]. The parameter&4imodel for gold and silver are taken
from [1], and the parameters of CP3 model for goid silver are displayed in Table 4.1.
The comparisons show that we can use the CP3 mtodsimulate the plasmonic
properties of highly tunable metallic nanostrucsuire a wide wavelength range between

180nm and 2000nm more precisely and easier (lessonyeand computing time) than
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CP3
Au Ag
& 1.1156 1.4783
o 4.24x10'° 1.32863x10'¢
él(-;’:m 0.5548 1.077
L 2.8463 0.9621
Qy(rads™) 4.506%10'° 6.617x10"
I, (rads™) 5.00%10' 1.7415%107
Ay 679.7606 53774512
Po(rad )‘ -0.0998 -0.0092
Oy (rads™) 3.4587x 10" 1.3545%10"
T, (rads™) 3.064x10" 6.56505% 10"
As 3.5244 2.6077
Pa(rad) 4.6586 -2.8539
Qy(rads™) 3.5832x10" 8.1007x10"
Ty(rads™) 1.68784 =103 8.7193x10"2
D 15.3895 18.1032
L4
Au Ag
) 33.1722 191.489

Table 4.1 The optimized parameters for the CP3 model for gmid silver in the
spectrum between 180 nm and 2000 nm and the vatidhe fitness

function of the CP3 model and L4 model.
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the L4 model. In figure 4.1, we compare the L4 @RB model with experimental data
for gold. For the real part of the permittivity gbld, the L4 and CP3 model are both
close to theexperimental data, with a better fit for CP3 modehr 1900nm. For the
imaginary part of permittivity of gold, the L4 a@P3 model give a similar description of
the interband transitions of gold. Because of thesrmpon resonance wavelength is
determined by the real part of the permittivityisitmore important to get a better fitting
with the real part of the permittivity than the ignaary part of the permittivity in the
spectrum. In figure 4.2, we compare the L4 and @R8el with experimental data for
silver. For the real part of the permittivity ofvar, the CP3 model gives a much better fit
with experimental data for Wavelengths'bet_\'_/veen haD@nd 2000nm, and the L4 model
starts to deviate slightly from the 'experimeﬁtahcm 1200nm. For the imaginary part of
the permittivity of silver, the C|5>3 mqﬂg&pehavmiaﬁsly better than the L4 model in
the spectrum. The negative irﬁaginary prért -o'f L4 eh@d some parts of the spectrum will
result in an artificially near field. 'enhancemeh'lp_!ahe wave studies. Although the CP3
model is not very close to the expérirﬁental .dd[ta,\nalues of the CP3 model are at least
positive unlike the L4 model for silver.

In order to compare the two models more cleawy,define the fitness functios to

compute the errors quantitatively for the wavelbBsgbetween 180nm and 2000nm
2
b = Z|5tab(w) - 5mode|(w)| (4.4)
w

where &, (w) is the values tabulated from [3], and the sum vsrothe tabulated

frequency values in [3]. The values of the fitnéssction of L4 and CP3 model are

displayed in Table.4.1. For gold, the value offitreess function of CP3 is smaller than
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half of the L4 model. For silver, the value of fiteess function of CP3 is less than that
of the L4 model by an order of magnitude. From dbeve comparisons, we can judge

that the CP3 model plus the fitting parametersldisga in Table.4.1 can be used in

4.3 Results and discussions

The FDTD calculations were done using a meshGia&m, a time step of 6.6697e-19s,
and a Courant number of 0.5. The CP3 model was ihesrporated into 2D-FDTD
method to simulate the optical response of a pasilica-core gold-shell nanocylinders
with variable gap width for polarization directigrarallel to the axis of the pair. In the
simulation, the outer and inner diametef of._theeeshell nanocylinder is set at 80 nm and
50 nm, respectively, the permittivity of the siliea 2.1, and the permittivity of gold
material is described by the C_I.PIB mode_k;%(i_tb' fhapﬁfers given in Table 4.1.

In the simulation, the propagating diretr:'Ei:'on.hﬂ short EM pulse is perpendicular to the
axis of the pair and electric fie'l.d 91"‘ the EM'\;vais.eparalleI to the axis of the pair. In
order to perform spectral analysis, wé keep runtiegdiscrete Fourier transforms along
the total field and scattering field boundary (TF®Bundary).In figure 4.3, the
simulation results show that due to the couplingveen the core-shell nanocylinders
when the gap width between the nanocylinders deesgahe resonance wavelength of
the localized surface plasmon mode shifted to loevergy and the extinction efficiency
increases.

When the gap width decreases from 180nm to 6henplasmon resonance wavelength
shifted from 590 nm to 632 nm. These plasmon resm®are resulted from the dipole-

dipole interaction between the nanocylinders aediipole mode of the core-shell
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Figure 4.3 The dependence of the extinction spectfiia pair of core—shell
nanocylinders on the gap width between the nanudgis. The plasmon
resonance wavelength shifts from 590 nm to 632 nimenasthe gap width
decreases from 180 nm to 6 nm. Inset: The extincsipectrum of a gold
nanocylinder with a diameter of 40 nm obtained friiv@ Mie theory (dots)

and FDTD method (red lines) with the CP3 model.
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nanocylinder oscillates in-phase with another (t@le mode is symmetric binding
mode whose electrons at outer surface is alignedrstrically with the electrons at
inner surface [7]). We don’t see the out-of-pha®lé-dipole interaction mode because
the mode which doesn’t have dipole moment canindeced by external light. Because
the phase retardation effect needn’t be considéameduch a size smaller than 1/4
wavelength, there are no higher multipole modethénextinction spectrum. In addition
to changing the gap width, the ratio of the outatius to inner radius of the core-shell
nanocylinder, or the refractive index of the coam @lso be used to tune the resonance

frequency.

4.4 Summary

An efficient dielectric functiénlcalled C:E:?{ modﬂhs developed and it was compared
with the L4 model in the wavelength rraﬁzr._lgé’betweSnm and 2000nm. The results
show that the CP3 model can be q-éed in stu&yi;n@ptieal properties of gold and silver
more efficiently and accurately than the L4 modéle CP3 model was then incorporated
into FDTD to study the coupling of the silica-cageld-shell nanocylinder pair. The
simulation result shows that for polarization direc parallel to the axis of the pair, the
plasmon wavelength in the plasmon extinction maxmmed-shifted from 590nm to

632nm when the edge-to-edge gap decreases fromml&0Gnm.
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Chapter 5

The lightning-rod mode in a core-shell nanocylindedimer

5.1 Introduction: a new plasmon mode associated wtthe core-shell

nanocylinder pair

The plasmon modes of a solid nanostructure areacteized by the surface charge
distributions on the surface of the solid nanostmec[1]. For the core-shell structures [2-
4], the interaction between the surface éha_rQeiUiﬂtons at the inner and outer surfaces
of the core-shell structure splifs the plasmen masce modes into two different
alignment plasmon modes a_ﬁclj resul'ts_;rjfr_;'.-?.t'h.e Iarééﬁm of the plasmon resonance
wavelength for the core-shell nanos.truré%uré.’ﬂ&srpbn resonance wavelength of the
core-shell structure can be tunéd by the perrﬁijzti«rf the dielectric core and the ratio of
the outer radius to inner radius [5]. BS/ the saokeh, when two plasmon-resonant core-
shell nanoparticles are brought together, the pd@snmodes in the individual
nanocylinders can interact with each other, leadmghew resonance modes for the
coupled system. These plasmon modes have beerigated in detail in [3, 6-9].

In this chapter, a new plasmon mode associatddtihe core-shell nanocylinder pair is
reported. We found that a resonance mode resutikdlysfrom the coupling of the
electrons at the outer surfaces of the two cord-sheocylinders can be observed when
the size of the nanocylinder is large enough. Tize-dependence and permittivity-

dependence of this special plasmon mode indicatethiis plasmon mode shows up as a
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result of the screening effect of the metallic klagld reflection at the metal/dielectric
boundary.Such a phenomenon is essentially caused by theiligjarod effect, which

occurs when metals approach to the perfect condistdow frequency and the electric
field concentrates in the gap of the nanocylindered. A related discussion of plasmonic

systems associated with the lightning-rod effectloa found in [15].

5.2 Calculation methods

The FDTD calculations were done accurately usimgesh size of 0.25 nm, a time step
of 4.16666e-19s, and a Courant number of 0.5. Thgram codes have been checked
with the analytical theory [10]. The o,pti.cal.-_'respemf gold is modeled using the three
critical point pole pairs (CP3) model [11] whichopides a good fit to tabulated
experimental data [12]. The _.gé(.)metr’lqag:_éf.réngen.n;énhe nanocylinder pair and the
incident wave is shown in figure 5.'1., thé pfdpaggauﬁirection of the incident wave is
perpendicular to the axis that ¢6nqécts the namdmi pair, and the electric field of the

incident wave is parallel to this axis.

5.3 Results and Discussions

We first investigate the extinction spectra dilica-core gold-shell nanocylinder pair,
for different sizes. The ratio of outer radius tmer radius is fixed at 6:5, the ratio of
outer radius to separation distance between twmayinders is fixed at 5:1, and the
outer radius is varied from 15nm to 135nm with aterival of 30nm. The extinction
spectra as a function of the size of the nanocglipair, and the charge distribution of

the plasmon modes in the nanocylinders are shoviigure 5.2. For outer radius of
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15nm, the plasmon mode, near 800nm, correspontisetan-phase symmetric dipolar
(SD) mode. As the size increases, because of taseptetardation effect, the resonance
wavelength of the SD mode also increases. Thereodrer two peaks at shorter
wavelength in the spectra which are the in-phagsensstric quadrupolar (SQ) mode and
the in-phase symmetric octopolar (SO) mode. Wetabserve the out-of phase plasmon
modes in the spectrum because the out-of-phasenplasnodes have zero dipole
moment and thus can’t be excited by incident lightaddition to these plasmon modes
discussed above, we can see in figure 5.2 thahea®uter radius on the nanocylinder
increases to 135nm, an additional in-phase diggésmon mode shows up near 1085nm.
The origin of this new plasmon mogje'is studiedibylihg the electric field intensity of
the silica-core gold-shell nanocylinder pair Winhter radius of 135nm and the results are

shown in figure 5.3. In these 'fi(:;ures_,f-tbe_ xr_]_or'nmiielléctric field intensity distributions

S

of the core-shell nanocylinder systerr;r'_i‘;if_r_-e 'foundph;pagating plane waves at their
respective plasmon resonance'Wa_\_/'elengths.' desr@tdw that for the resonances that
occur at 650 nm (figure 5.3(a)) and 850 nm .(.figﬁl.lfi?(b)), there is a non-uniform electric
field intensity distribution inside the dielectricore. The non-uniform electric field
intensity is due to the formation of the cavity reednside the dielectric core, which
implies that there is a non-zero charge distribbutiothe inner surface of the gold shell of
the nanocylinder. However, for the electric filedeinsity of the plasmon mode near
1085nm shown in figure 5.3(c), we can find that dneplitude of the electric field inside
the dielectric core is zero. This implies that thuis resonance mode, there are no induced

charges at inner surface of the gold shell in gnr@oeylinder. We can thus infer that this
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special plasmon mode is resulted from the couptihghe electrons at outer surfaces
between the two core-shell nanocylinders, simitathite coupling of surface plasmon
between a pair of solid gold nanocylinders. Thisdatoesion is also supported by the
extinction spectra (shown in figure 5.4) obtained & pair of solid gold nanocylinders
with the same diameters as the outer diametereotahe-shell nanocylinders. We can see
that resonance wavelength of both the solid goldooginder pair and the core-shell
nanocylinder pair occur at 1085 nm when the out@mdter of the nanocylinder is 135
nm. These results indicate that the appearancéisfrésonance mode is due to the
metallic screening effecAs the resonance wavelength related to this plasmode is
larger than that of known plasmon_. rhod_es in_the adrell nanocylinder pair, this
plasmon mode can be observed inthe spéctrum. Bedha skin depth of the gold near
the resonance wavelength of ibSSnrﬁ- isis:mé'll, kieretmi field is completely screened by
the metal, no electric field, aﬁd no cha-r.;;é_-c-:dtdddund in the inner side of the metallic
shell.

In the following sections we wili pfoof thié spelcasmon mode solely depends on
the electrons at the outer surfaces of the nanusti pair by varying the dielectric core
and shell thickness. The dependence of this plasmode on the permittivity of the
dielectric core is studied in this section. In fig.5, we study the spectral characteristics
of a dielectric-core gold-shell nanocylinder paitthvouter radius of 135nm and inner
radius of 112.5nm, for dielectric cores with petmities of 2.1, 2.6, 3.3, and 4.1,
respectively. The simulation results show that pkéer the plasmon mode near 1080nm,
the resonance wavelengths of the other plasmon srerdered-shifted with increasing the

permittivity of the dielectric core [14]. When tpermittivity of the dielectric core is

63



—-—- a pair of silica-core gold-shell nanocylinders
a pair of solid gold nanocylinders

Extinction cross section (a.u.)

s 1 ) 1 A 1 . 1 s 1 )
400 600 800 1000 1200 1400 1600

Wavelength (nm)

Figure 5.4 The comparison of extinction. spectraveen a dielectric-core gold-shell

&

nanocylinder pair arid. -ago:}i& g&lﬂ_q&ﬁOcylinderr.pBbth of them have the
F i \"1"‘-".-.'.._ Lt

same outer radius légﬁm]ﬁ” (2
| o= LY |
P"‘—.‘-\- i

= permittivity=2.1
|- = = permittivity=2.6
= L permittivity=3.3
—-—- permittivity=4.1

Extinction cross section (a.u.)

P RPN NI RS U I (S NN (A NP SR
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600

Wavelength (nm)
Figure 5.5 The dependence of the extinction spadtthe nanocylinder pair with outer
radius of 135 nm and inner radius of 112.5 nm an plermittivity of the

dielectric core.

64



larger than 3.3, the plasmon mode resulted fronothter surface charges near 1085nm
disappearsThis is because for comparably large dielectricgold-shell system, the
symmetric dipolar (SD) mode inside the nanocylindas the cavity resonance nature,
which is similar to one-dimensional Fabry—Pérotoresice. A higher permittivity
reduces the reflectance at the boundary of golefiiec due to a closer match in the
magnitude of the real part of the dielectric constnd leads to reduce the blocking EM
wave effect. Therefore, as the permittivity of tielectric core increases, this plasmon
mode disappears because the light can penetratggtihthe metallic shell.

We can also observe that as the permittivity of thelectric core increases, an
interesting weak plasmon mode near 924_[1_m appedtweigpectra. The weak plasmon
mode corresponds to in-phase aritisymmetﬁcdimjamon mode whose antisymmetric

dipolar mode has an antisymfnetric align_m___eh_t ofitimer and outer dipolar mode of the

£

core-shell nanocylinder.
The existence of this plasmoﬁ r_nbde in.the e_;xt'imﬁpectrum can be also controlled
by varying the thickness of the métaliic Iaye..r adlvas the radius of the dielectric core.
In order to observe this plasmon mode more cleartyare able to enhance the screening
effect and this can be achieved by increasingtio&riess of the metallic shell. In figure
5.6 (a), the spectra were taken with the innerusadixed at 112.5nm, the inter-
nanocylinder separation distance fixed at 27nm, thedouter radius varied from 135nm
to 165nm with an interval 10nm (corresponding @ tthickness of the metallic shell from
22.5 nm to 52.5 nm). We can see clearly the existef the resonance mode at 1085 nm
in this figure when the thickness of the metalhelsincreases. This resonance mode can

also be made to disappear by changing the cavitfirmment effect. The dependence of
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the extinction spectra of the nanocylinder pairhwtite dielectric core permittivity 2.1,
the outer radius 135nm, the inter-nanocylinder s distance 27nm, and the inner
radius varied from 117.5nm to 125nm on core-shatketisions is shown in figure 5.6(b).
As the in-phase symmetric dipolar mode is broadearetishift to longer wavelength
due to less cavity confinement, the plasmon modelted from the coupling of the
electrons at outer surfaces of the nanocylinder paappear when the resonance
wavelength of the in-phase symmetric dipolar modelarger than its resonance
wavelength. In addition to the permittivity of tkieelectric core and the thickness of the
gold shell, we can also tune the plasmon resonammges by varying the separation
distance between the two nanocylinqer's. The depeedef the extinction spectra of the
nanocylinder pair with the dielectriescore o;‘ pettiaity 2.1, the outer radius of 135nm,
the inner radius of 112.5nm, ahd the ga,Ewldth bet\}\.}.the nanocylinder pair varied from
25nm to 2.5nm is shown in fiéure 56(C)F<As the waghth between the nanocylinder pair

decreases, the screening plasmon 'mode.is stromgerea-shifted due to the larger

coupling between the outer surfaces of the two ogimalers.

5.4 Conclusion: two important factors that give ri® to intense electric
field can be applied in the surface enhanced speospies: one is

hybridization plasmons and the other is the lightrmg-rod effect

In conclusion, we have shown that the plasmoneananf a dielectric-core gold-shell
nanocylinder pair have an in-phase dipolar plasmade whose dipolar mode is from
the electrons at outer surfaces of the nanocylipderdue to the lightning-rod effect. As

its plasmon resonance wavelength is larger thaersttelated to the electrons at the inner
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surface, it can be observed in the spectrum dugMovave blocking by the gold shell
and the gold/dielectric boundary. Therefore, we camtrol the existence of this plasmon
mode by changing the shell thickness and the ptvityt of the dielectric core. We
expect that our findings can improve let us hawetéer understanding of the plasmonic
properties and enable us to have better abilitydésigning a device tailored for specific
applications such as surface enhanced Raman stgt{&ERS) and surface enhanced
infrared absorption spectra (SERIA). Thus we cdaritwo important factors that give
rise to intense electric field can be applied ia furface enhanced spectrospies: one is

hybridization plasmons and the other is the lighgriod effect.

= :Il'ﬂ.T
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Chapter 6

Retardation-effect-induced plasmon modes in a silezcore

gold-shell nanocylinder pair

6.1Introduction to phase retardation effect

In chapter 6, we discuss the retardation effecth® plasmon modes in a silica-core
gold-shell nanocylinder pair. For small nanopaescl where the quasi-static
approximation is valid, only plasmon resonance nsaataining dipole moments can be
excited by the external light. Severél recén_t gsdiave shown that by breaking the
symmetry of a nanostructure; non-dipp!fr.plasmofd'eaocan be excited [1-2]. Another
mechanism for exciting non-dipolar plagélclgn .modqrmiase retardation effect [3]. When
the size of nanostructures is Iar'ge_r ._trllan-; quaf_tthe wavelength of the incident wave,
the spatial retardation effect over .':[he' volum'ehé‘ hanostructure should be considered.
In this chapter, we use the 2-D finite differemhéi domain method to study the optical
properties of a pair of silica-core gold-shell neylmders. The extinction spectra for the
nanocylinder pair with different sizes and separatwidths are studied in detail to

understand the effect of the phase retardationcteffe the plasmon oscillation in a

nanocylinder pair.

6.2 Calculation methods

In chapter 6, the FDTD calculations [4] were doseng a mesh size of 0.25 nm, a time

step of 4.16666e-19s, and a Courant number of Th&. program codes have been
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checked with the analytical theory [5], for a sigilica-core gold-shell nanocylinder, as
shown in the inset of figure 6.1. The permittivay silica is taken as 2.1. The optical
response of gold is modeled using the three crippcént pole pairs (CP3) model [6]

which provides a good fit to tabulated experimerdata [7]. The values of fitting

parameters can be found in [6]. The geometricangement of the nanocylinder pair
and the incident wave is shown in figure. 6.1, phepagating direction of the incident
wave is along the axis that connects the nanoagtipair, and the electric field of the

incident wave is perpendicular to this axis.

6.3 Results and Discussion

We first investigate the spectral 'characterism'ibme silica-core gold-shell nanocylinder
pair by fixing the ratio of the _6ulter radiga _;'g'énrradillj.s at 6:5 and the ratio of the outer
radius to the inter-nanocylinders spacirrig._ at. 5l by changing the outer radius from
15nm to 135nm with a 15nm i_ﬁfer:vlal. In figlj:re; e simulation results show that for
outer radius of 15nm, only plasmon.modes contairglegtric dipole moments can be
induced by incident light. This is because in ttése the quasi-static approximation is
valid, so that the electromagnetic field acrossekient of the nanocylinder pair can be
assumed to be uniform. This plasmon mode, near ri2@orresponds to in-phase
symmetric dipole-dipole interaction mode, and tiimmetric dipole mode is a result of
the electrons at the inner surface of the core-stalocylinder aligned symmetrically
with the electrons at the outer surface [8]. Fotepuwadius of 30nm, the out-of-phase
symmetric dipole-dipole interaction mode, near f0m@mppears in the spectrum. This

out-of-phase plasmon mode is excited by the phetaedation effect. The strength of this
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out-of-phase mode increases with the size of theadinder pair. When the outer radius
of the nanocylinder reaches 60nm, the out-of-plsgsemetric dipole-dipole interaction
mode becomes dominant in the extinction spectrum.

In addition to the dipole mode, the in-phase swtmim quadrupole-quadrupole
interaction mode starts to appear at around 645wiman the outer radius of the
nanocylinder is 45 nm. The appearance of the qpésimode is also the results of the
phase retardation effect. The strength of this guamle-quadrupole interaction mode
increases as the outer radius of the nanocylindeeases. The quadrupole-quadrupole
interaction mode, in addition to the in-phase mad®, also have out-of-phase mode. For
outer radius of 90nm, the extinction s_pe'ctrl_J__m eixhib double peak structure: one mode,
near 645nm, is the in-phase symmetric qu;atdrupodmimpole interaction mode and the
other mode, near 625nm, ié thé- .ﬁy.t__-_o.f}phasé. synenejuadrupole-quadrupole
interaction mode. Because thé retarda{ig%é éffeloﬁeces the out-of-phase mode over the
in-phase mode when the size'bf :t_he nanocy‘li_r}dérleiarxes, the strength of the out-of-
phase grows in intensity. We can éeé in thé fighae the resonance wavelength of this
out of phase mode also increases, taking over ds#ign originally occupied by the in-
phase mode as the size of the nanocylinder incsedd¢ethe end the only quadrupole—
related feature that can be seen in the spectrurthasout-of-phase quadrupole-
guadrupole interaction mode.

The energy shifts in these plasmon modes havetable distinction. The coupling
between symmetric dipole modes of the nanocylinmar leads to in-phase and out-of-
phase symmetric dipole-dipole interaction mode® m@sonance wavelengths of the out-

of phase and in-phase symmetric dipole-dipole madesed-shifted and blue-shifted as
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compared to the original uncouple plasmon resonamexgy, respectively. However,
although the coupling between the symmetric quasleumodes also results in the in-
phase blue-shifted and out-of-phase red-shifted digyele-quadrupole resonance
wavelengths but the resonance energy shifts inhas@ and out-of-phase symmetric
dipole-dipole interaction modes are opposite td tisymmetric quadrupole-quadrupole
interaction modes.

The shift in the resonance energy of localizedase plasmon modes in the coupled
system can be understood by considering the ragtdéorce of the coupled system. The
resonance frequency of the plasmon oscillation egerthined by the restoring force
arising from Coulomb attraction benA{eén electrod aoclei and is thus sensitive to the
electron charge distribution. In order to ex-pla'm/vhthe charge distribution affects the
spectral behavior of the nanoéylinder_:-V\_;E_. show fhmg:e distribution for each resonance
mode in figure 6.3. The cha.rge distrit-).ru_%::i.__(-)-n' of the-of-phase dipolar plasmon mode
near 860nm is shown in figure 6.3:(53). We.can §ebia’; figure that because same type of
charges are distributed on the opp.osi.te sidééeoivvb nanocylinders, the restoring force
acting on a cylinder is reduced by the charge erofhposite side of another nanocylinder.
This reduction in the restoring force makes the autlipolar plasmon mode have a
longer resonance wavelength than an uncoupledrsy§a the other hand, the resonance
wavelength of the in-phase dipolar plasmon modaus-shifted due to the increase of
the restoring force as same type of charges atgbdited on the same positions in the
two nanocylinders (figure 6.3 (b)). The charge ribsition of the quadrupole plasmon
mode, near 650nm, is shown in figure 6.3 (c). We esae that for the in-phase

guadrupole mode the restoring force acting on mdgt is reduced by the charge
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Figure 6.3 The charge distribution at the respective couplplgsmon resonance
wavelengths of a silica-core gold-shell nanocylindair with outer radius
of 90 nm and inner radius of 75nm. Wavelengthsefitcident light are (a)

870nm, (b) 740nm, (c) 650nm, and (d) 625nm

75



distribution near the gap of the other cylinder. Asresult, the plasmon resonance
wavelength of the in-phase quadrupole-quadrupdkerantion has a longer wavelength

than the resonance wavelength of the quadruploeerobd single ore-shell nanocylinder.

On the contrary, for the charge distribution inufig 6.3 (d), which corresponds to the
charge distribution of the out-of-phase quadruplaeuple interaction mode, the force

constant in the nanocylinder is increased. Theeefdhe out-of-phase quadrupole-

guadrupole interaction plasmon mode has a shatemance wavelength, as compared
to an uncoupled nanocylinder.

We also investigate the normalized electric figitensity at the respective plasmon
modes of a silica-core gold-shell nar]oéylir_]der peih the same geometry as above in
figure 6.4. The simulation results'show that- thedmaim electric field intensity changes
from the left-handed core-shell naﬁogl;ﬁ_dér tohﬁganded core-shell nanocylinder
when the incident wavelength decreas-,.;g_._- -It' is dube metal screening effect because
the skin depth of gold increaseé' v_v_hen the Wa\_/\_elténgincident wave decreases. From
the normalized electric field intens.,ity' distribﬁi@t the respective plasmon modes, we
find that the electric field intensity concentratleghe gap between the nanocylinder pair
when the charge distributions on both sides ofgée between a core-shell nanocylinder
pair are opposite in sign and attract each othée &ffect of the separation width
between the nanocylinder pair on the plasmon regmnanodes was studied and the
result is shown in figure 6.5. We can find in thigure that when the separation width
increases, the phase retardation effect also isesed herefore, the strength of the out-
of-phase modes, including dipole-dipole and quadlesguadrupole interaction modes,

increases and the in-phase interaction modes becmwvisible. In addition, we find that

76



250 20 250

125 | 125
14 14
- 12 — 12
E E
E E
w0 1 w0 i
= ‘ ¢ = e
6 6
125 125
1 4
-250 -250
0 0
-250 125 b 125 250 -254 25 o 125 250
Z-axis (nmj Z-axis (nmj
250 10 250 10
9 9
8 8
125 125
— 5 — )
E E
E E
i g 5
= ' = '
3 3
125 125
2 2
1
-250 -250
0 0
-250 125 b 125 250 -254 25 o 125 250
Z-axis {nm) Z-axis {nm)

Figure 6.4 The normalized electric field intensity at trespective coupling plasmon
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the difference of the resonance energy betweemtpbase and out-of phase interaction
plasmon modes is smaller when the separation wsltlarger. This is because the
coupling between the two core-shell nanocylindereeduced as the separation width is

increased.

6.4 Conclusion

In conclusion, the retardation-effect-inducedspian modes in a silica-core gold-shell
nanocylinder pair are investigated by two dimensfonte difference time domain
method. The strength of this dipolar out-of-phasedenincreases with the size of the
nanocylinder pair and can have an .,infens_ity thattisnger than the non-retardation—
effect-induced in-phase dipolar rhode when the sfz#aie nanocylinder is large enough.
In addition to the dipole mod_é,lquad.rUg;_pc_t_é?-'q.uadm.ﬁuteraction mode starts to appear
at around 645 nm when the oeuter radierg'._of.fhe namaer is 45 nm. The quadrupole-
guadrupole interaction modes_'.'cz_a:tr'i have bo:th fhehaw and out-of-phase modes.
Because the retardation effect enhaﬁces the opltase mode over the in-phase mode,
when the size of the nanocylinder increases, tleagth of the out-of-phase mode grows
in intensity, taking over the position originallga@pied by the in-phase mode, and at the
end becomes the only feature of the quadrupolergpate interaction mode in the
spectrum. The charge distributions in the nanodgis for these resonance modes were

studied to explain the energy shift observed ia toupled nanocylinder pair system.
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Chapter 7
Optical singularities associated with the energy éw of two

closely spaced core-shell nanocylinders

7.1 Introduction to optical singularities

The energy flow of an electromagnetic (EM) wawm @xhibit unusual and complex
pattern in the neighborhood of points where thelduge of the field is zero. The phase
singularities in the energy flow that was addresadtie seminal paper by Nye and Berry
[1], has developed into an exciting field ‘of optieslled singular optics [2]. For a
metallic nanoparticle, it «isishown tha; lightagtering by such a particle exhibits
features such as optical whirlpaols [3] ..éi:ét":i"?'uo'ﬂ)tiuartices near the nanoparticle [4].
Optical vortices have also been.pbservééi"in _(%ptib_ars, in nonlinear Kerr media [5], in
super lens [6], and in the near fié'ld .diffracted:élm;bwavelength apertures [7-9]. The
application of the singular optics includes nantescasolution in the focal plane of an
optical microscope and optical trapping of viruge3 and small particles [11].

A seemingly unrelated field in the study of therezshell nanostructures such as
nanorices [12], nanorings [13], and nanoshElk] is of special interest due to the
highly tunable localized surface plasmon modeshSaiructures give rise to very large
enhancement in the junction formed by the pdirthe particles, which make them
attractive as SERS substrate [15]. The depwsdeof the optical properties of the
core-shell nanostructures on the size, dietectre, shape, and surrounding medium

has been an active field of research and can bedfounumerous studies in the literature.
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However, the optical singularities associated witd energy flow in these systems
have not been investigated in detail yetthis work we report our studies on the
optical singularities associated with the energy f two closely spaced dielectric-core
gold-shell nanocylinders.

Two-dimensional finite difference time domammethod (FDTD) was employed for
this study. For light polarized parallel to the sagbnnecting the pair, there are four zero
energy points in the energy flow diagram, two sadabints and two optical vortices.
Among these four points, the saddle points areidmitthe cylinders and the optical
vortices are inside the cylinders. Both the Wwidtof the gap between the
nanocylinder pair and the value of_. the pemmiiy of the dielectric core were found to
have strong influence on the rotating direcfioﬂlm‘ optical vortices and their effects on

the properties of the optical vortices were s_tu'(_iiiedetail.

S

e
| |

7.2 The phase of the PoyntingLVechr
The phase of the Poynting vectat, |s defines a;

sing =S, (x,2)/|§),

cos@ =S 2)/9, (7.1)
where|§| is the modulus of. At the point where the amplitude of the energyfls

zero, the phasey(x,z) at that point is undefined according to equatibid)and thus it is
a phase singular point. When the phase of the Baywaector is singular, there are three
possible situations in its neighborhood: (a) atmtpenergy flow (optical vortex), (b) a
saddle point, and (c) a sink or a source. In thaskwthe magnitude of the rotation and

direction of the rotation of the optical vortexcalled the circulation of the optical vortex
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and is defined as,

Circulation :J'DX§Ejé (7.2)
where the surface integral of the magnitudeief), is summed over the surface inside

the dielectric core of the core-shell nanocylindhen the circulation is larger than zero,
it means that the rotating direction of the optiealtex is counterclockwise and the
optical vortex is a right-handed optical vortex (R®n the other hand, if the circulation
is smaller than zero, it means that the rotatimgation of the optical vortex is clockwise

and the optical vortex is called a left-handed agitvortex (LV).

7.3 Numerical method
FDTD [16] was used to investigate the_ne_ar fieldaab responses of the dielectric-
core gold-shell nanocylinder pair. The o?ﬁtrc?almssn of gold is modeled using the three

critical point pole pairs (CP3) model [17,':'1_'8]. T@P3 model can be expressed as

i9 o
AQ e’ . Apre "

: . (7.3)
Qp—w—lrp Qp+a)+||'p

3
) =e,+ 2103
p=1

And the codes have been checked with the analyttieairy [19]. Our FDTD simulation
domain is separated into three regions from outsaenside: absorbing boundary,
scattered field region, and the total field regibhe FDTD calculations were done using
a mesh size of 0.5 nm, a time step of 8.3333e-d49d,a Courant number of 0.5. The
geometrical arrangement of the incident EM wave #ma dielectric-core gold-shell
nanocylinders is shown the incident EM wave and thelectric-core gold-shell
nanocylinders is shown schematically in figure Tnlthis configuration, the EM wave is

TM polarized, i.e., the only non-zero componenthaf magnetic field is in the y-
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direction. The inner radius and outer radius efebre-shell nanocylinder used in this

work are 112.5nm and 135nm, respectively.

7.4 Phase singularities inside a core-shell nanoayder pair

We first study the spectral characteristics of ¢bhee-shell nanocylinder pair in the
wavelength range between 700nm and 1500nm. Insthidy the permittivity of the
dielectric core is taken as 4.1, and the distaretevden the two cylinders is set at
27nm. The extinction, scattering, and absorptia@s€isections spectra for this system
are shown in figure 7.2(a). We can find in thesecsja that there are three major
plasmon modes for the nanocylinder. péir. .The plasmode near 1161 nm is the in-
phase symmetric dipolar (SD) mode. This jplasmen enisd originated from the
electrons at the inner surfa(_:.el of thé';;ggfgléheﬂoﬁﬁinder aligned and oscillates
symmetrically with the electrons at the outer stef20]. The other two peaks in the
figure are the in-phase antisyrﬁfngfric dipolér: pldsr(AD) mode near 935 nm, and
the in-phase symmetric quadrupolar.plasmon mode 8@@nm. The charge density
distributions associated with these plasmon modesigo shown in figure 7.2(a). In
this work, we’ll focus on the energy flow distrilbart in the proximity of the in-phase
SD interaction mode.

The energy flow pattern of light scattering fronctlsua core-shell nanocylinder pair of
a monochromatic plane wave with incident wavelergfti161nm is shown in figure

7.2 (b). We can see in this figure that there ate fero energy points in the energy

flux diagram and these phase singularities are etbals S1, S2, RV and LV, respectively.

Among these four points, S1 and S2 are outsieeyhnders and RV and LV are
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inside the cylinders. We can find from the energyfpattern in the figure that energy
flows into S1 in z-direction and flows out of S1 xadirection, flows into S2 in x-
direction and flows out of S2 in z-direction, burfRV and LV, the energy flow
circulates around these two points and deceasesgmitude as it get closer toward these
two points. From the characteristics of the endhlgw pattern around these four points
we can identify S1 and S2 as saddle points, RVLAhds the centers of optical vortices.
It is evident in these figures that optical singtiikes existed in the energy flux associated

with two closely spaced core-shell nanocylinder.pai

7.5 The dependence of the circulating direction dhe optical vortex on
the inter-nanocylinder séparation

In order to have a better undefr's'__fﬁ_i_.(;_li.h.g on the gutigs of the optical vortex
associated with the nanocylinderpair, thé eftéthe Wwidth of the gap that separated the
nanocylinder pair as well as thé 'v;m_Je of t_ﬁ:e*pttivity of the dielectric core on the
rotating direction of the optical vortex are stuti€igure 7.3 (a)-(d) are the energy flow
patterns of the core-shell nanocylinder pair treatehgap width of 20 nm, 35 nm, 70 nm,
and 135 nm, respectively. As the geometrical aearent is symmetrical with respect to
the z-axis that passes through the center of theayéinder pair, it is not surprising to
see in these figures that the rotating directiohthe two optical vortices in the same
figure are also symmetrical with respect to theis-#ghat passes through the center of the
nanocylinder pair. For the convenience of discussie’ll hence call the configuration
with upper optical vortex rotating in a left-hadddirection (LV) and lower vortex

rotating in a right-handed direction (RV) as inwdyge rotation, and the configuration
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with upper right-handed optical vortex (RV) and evieft-handed optical vortex (LV) as
outward-type rotation. From the energy flow patseshown in these figures we can find
that when the gap width between the nanocylinder @ee 20 nm and 35 nm the
rotational type of the optical vortices are inwayde rotation, for gap width equals to 70
nm, no optical vortex could be found, but when gagith is 135nm, the rotational type
of the vortices change to the outward-type rotation

Examine these four figures carefully we can findt the relative intensity between the
EM waves that flow through the gap and the outgreedhe edge that is opposite to the
edge near the gap) of the cylinders play a majte no determining the circulating
direction of the vortices. When the infgehsity'_oé M wave is larger at the outer edge of

the cylinder than that is in the gap; the cireulatdirection of the vortex follows the

S

energy flow direction of the EMI wavé-a_t;j[hg--.o'_utdgé..and thus the circulating direction
for the upper vortex is Ieft-haﬁded and-.;ﬁ('?f{_— the dowortex it is right-handed. (figure 7.3
(a) and (b)). When the intensitybf:_the EM wa'v@'rger in the gap than that at the outer
edge of the cylinder, the circulaﬁngj direc.t.ion tbie vortex follow the energy flow
direction of the EM wave in the gap and thus thieutating direction of the upper vortex
is right-handed and the lower vortex is left-handéidure 7.3 (d)). But when the
strengths of the two energy flows are comparaldeyartex can be found in the energy
flow pattern shown in figure 7.3 (c). Therefore, w&n conclude that the gap width
between the nanocylinder pair influences the strernd the energy flows in different
regions and that in turn determines the rotatidgaé of the optical vortices. A detall
study of the rotating type of the optical vortieesl their circulation defined by equations

(7.2) as a function of the gap width was presemdijure 7.3 (e).
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Figure 7.3(e) shows that when the gap width betwbennanocylinder pair is larger
than 70nm, the vortices are outward type rotatibnis is because the energy flow
direction of the incident wave is inclined to bettgaed near the gap due to mutual
coupling of the two plasmonic nanocylinders ang ttan be observed in figure 7.3(a)-(d).
Therefore, except for the gap width between theoaglinder pair small compared with
the incident wavelength, the intensity of the EMvevas larger in the gap than that is at
the outer edge of the cylinder, and thus the vestiare outward type. When the gap
width between the nanocylinder pair is larger tB@06 nm, the circulation of the outward

type reduces due to the reduction of the near-tielgpling.

7.6 The dependence of the dptic_al vortices on themnittivity of the

T

dielectric core . | ===

e
| |

n

In addition to the gap width betwe‘en the Q;I/Iinda'rr,pwe found that the value of the
permittivity of the dielectric core céin also be dm;e tune the rotation type of the optical
vortex. Figure 7.4(a) shows the extinction crosgigas of the core-shell nanocylinder
pair with gap width of 27 nm and dielectric coregshwpermittivity of 2.1, 3.1, and 4.1,
respectively, in the wavelength range between 70@meh 1600nm. The three peaks
marked by the arrows at 852nm, 996nm, and 1161entharin-phase symmetric dipolar
plasmon modes for these nanocylinder pairs. Becalisiee dielectric screening effect
[21], the resonance wavelengths of these plasmodemare red-shifted when the
permittivity of the dielectric core increases.

The energy flow patterns of these core-shell nalimbgr pairs, calculated at their

respective resonance wavelengths, are shown inefigut (b)-(d). We can see in these
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figures that the rotation type of the vortices apesfrom the inward-type to the outward-
type when the value of the permittivity of the éietfic core changes from 4.1 to 2.1. To
explain the change in the rotating direction of tpical vortices, we first note that in
figure 7.4 (a) the intensity of the EM wave at Shisaddle point and this is because, at
this gap width, the gap width is much smaller thevelength of the incident light and
thus EM wave can't transmit through the gap. Iis tircumstance, the rotating direction
of the optical vortex is dictated by the directioihthe energy flow in the outer edge of
the nanocylinders as was discussed in the prewecison, and thus the rotational type is
the inward-type when the value of the permittivofythe dielectric core is 4.1. However,
as the permittivity of the dielectric goré decreate EM wave is more likely to be
trapped inside the nanocylinders then just beriag*&hrough the nanocylinders, and the

intensity of the EM wave inside the-nangcylindarsréases quite dramatically as the

S

permittivity of the dielectric. care dec-}_éf_a_-sés. Tieason for this is that the cavity
resonance mode inside the nén_o'cylinders'is\_ simidapne-dimensional Fabry-Perot
cavities. A higher permittivity of. the dieiéctricote reduces the reflectance at a
metal/dielectric boundary due to a closer matckhe magnitude of the real part of the
refractive index [22].

This EM field confinement effect inside the dhéc core, with the boundaries by the
metal shell can be seen quite clearly in our sitrara the intensity of the EM field
increases quite substantially from figure 7.4(bYdh As the EM wave that penetrates
into and stays in the nanocylinders increases, ethergy flow direction inside the
nanocylinder will eventually be determined by theection of EM wave that penetrates

into the nanocylinders. We can see quite clearfigure 7.4 (c) and (d) that when the
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interaction modes are shown in (b), (c), and (dyateNthat the rotating
direction of the energy fluxes in (b) is opposddhe rotating directions of the

energy fluxes in (c) and (d).

92



intensity of the EM wave inside the nanocylindetaiger than the intensity of the EM
wave at the outer edge of the cylinders, the eneiigw direction inside the
nanocylinders is determined by the propagatingctioe of the EM wave that flow into
the nanocylinder and the rotation type of the @btieortices in these cases became

outward-type.

7.7 Summary

In conclusion, the energy flow associated wittpar of dielectric-core gold-shell
nanocylinders were studied by two-dimension fiwiiféerence time domain method with
light polarized to the axis connecting the r_ianomdair pair. There are four zero energy
(optical singular) points in the ehergy flow diagratwoe saddle points and two optical
vortices. Among these four polints, the;fs;a?ddle poare outside the cylinders and the
optical vortices are inside the cyIinderré.%E-._Bbth theith of the gap that separated the
nanocylinder pair and the valu_'é o_:f"the perrhi:tti\dﬁythe dielectric core were found to
have strong influence on the rotatiné directiontlté optical vortices. The gap width
between the nanocylinder pair affects the energtridution near the nanocylinders and
that in turns determines the rotational type ofdpécal vortices. The permittivity of the
dielectric core determines the intensity of the Hild resonance inside the
nanocylinders and thus can be used to control tlexrgg flow direction inside the
nanocylinders. Our studies show that optical vedican be found in a core-shell
nanocylinder pair and the rotating direction of th@ical vortices associated with the
nanocylinder pair can be controlled by changinchezitthe spacing between the

nanocylinders or by changing the permittivity oé ttielectric core.
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Chapter 8
Multiple Metallic-shell nanocylinders for surface enhanced

spectroscopes

8.1 Introduction

In chapter 8, we study the optical propertiesnuiltiple dielectric-core gold-shell
nanocylinder pairs by using two-dimensional firdi€ference time domain method. The
core-shell cylinders are assumed to be of the sdimension and composition. In the
emerging field of plasmonics, dielectricicore migtadhell nanostructures have attracted
much attention due to their application in SI;lrfanhanced spectroscopies. Comparing to

solid metallic particles, these core-shell nari_coﬂ;tnteé exhibit highly tunable plasmon

—

modes that can be tuned over'an ext-é_f%jf.g_ﬁed:waveleagge between visible and near
infrared regions. The variation'.'of:_t'he plasmc')q nesiwe wavelength is interpreted as
originating from coupling of Iocali.zed surfe.l.ce pfaen modes at the inner and outer
surfaces of the core-shell structure [1-2].

The most widely used surface enhanced spectrgsiosurface enhanced Raman
scattering (SERS) [3-4], whemne wants to maximum the electric field intensitytbe
molecule in order to enhance the detected sigitdls.same effect can also be used to
enhance infrared signals, which is called as saréhanced infrared absorption (SEIRA)
spectroscopy [5]. The enhancement is not as stasnfpr Raman spectroscopy in the
visible range, but the enhancement factors is ptitlportional to the square of the

electromagnetic field. Originally, the local fieldnhancement of surface plasmon
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excitations in plasmonic nanostructures was mdmiyd in the visible and UV regions,
which is suitable for SERS. Recently, nanosheliysrhave been found to possess ideal
properties as a common substrate for both surfalcereeed Raman scattering and surface
enhanced infrared absorption spectroscopies. Tdsorefor this is that nanoshell arrays
can provide large electric field enhancement at dame spatial location in both the
visible and infrared regions of the spectrum [6].

In this chapter, we investigate the plasmon madesultiple dielectric-core gold-shell
cylinder pairs for normal incidence. The simulatioBsults show the multiple
nanocylinder pairs provide large electromagnetitamcement in the wide spectral range
between the visible and infrared rggions'_. The laed surface plasmon excitation
occurring in the infrared region in spectrﬁm is: doethe efficient metallic screening
effect at low frequency. The infrar(_a-d;:glgs-fhon resme is identified as due to the
interactions between the electrons at tr;‘%f.éﬁfealﬁmi;urfaces of the nanocylinders. The
other plasmon modes of multiplé r_l_anocylindeir paiesonly weakly red-shifted from the
individual nanocylinder pair plasmén .modes... Ourysia show how to tune the plasmon
modes of multiple nanocylinder pairs by varying gaer-distance between the pairs, the
gap-distance between the pair, the optical consiiatiite dielectric-core, and surrounding
medium.

When the number of the cylinder pairs is three,fiwd that lightning rod effect results
in two plasmon modes in the infrared region, whghkimilar to the open cavity mode of
three solid metallic nanocylinder pairs presentgdNbY. Wu [7]. The strongest electric
field enhancement of such a cavity mode exhibitthengap of the second pair and the

open cavity has a linear relation between the rsowavelength and the radius of
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nanocylinders. Therefore, the multiple core-shalacylinder pair contains the plasmon
mode same as that of the solid metallic cylinderspat the long wavelength part of the

spectrum.

8.2 Calculation methods

The FDTD calculations were done accurately usingnesh size of 0.5 nm, and a
Courant number of 0.5. The program codes have bleecked with the analytical theory
[8]. The optical response of gold is modeled ushegthree critical point pole pairs (CP3)
model [9] which provides a good fit to tabulategpestmental data [10]. The inner radius
and outer radius of the dielectriccore Qol@slmelhocylinder are 60nm and 80nm, the
propagating direction of the ihcident wave, is _alotlee axis that connects the
nanocylinder pairs, and the p.oiarizati'on;r.-qu_;'the'denf .wave is parallel to this axis that
connects the two nanocylinders of .ther'.%:pai.r.’ In twwk the cylinder is the same in

geometry and composition.

8.3 Results and Discussion

We first investigate the spectral characterisbésa single dielectric-core gold-shell
nanocylinder pair. The geometry of the nanocylindeshown in the inset of the figure
8.1 and the distance between the nanocylinde@rnm2The dielectric constant of the
dielectric core inside the nanocylinder is 2.1, ebhis the dielectric constant of the silica.
From the figure 8.1 we can see that the extinc8pactrum is characterized by two
plasmon modes. The plasmon mode, near 700nm, porrds to in in-phase symmetric

dipole-dipole interaction mode, and the symmetipolk mode is a result of the electrons
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Figure 8.1 The FDTD calculated extinction, scatigriand absorption spectra of a
dielectric-core gold-shell nanocylinder pair witkpgration distance of 20nm.
The permittivity of the dielectric core is 2.1. Tgeometry is shown in the

inset.
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at the inner surface of the core-shell nanocylindkgned symmetrically with the
electrons at the outer surface [11].

The other plasmon mode, near 575 nm, correspdad# in-phase symmetric
guadrupole-quadrupole plasmon mode. We can notreddbe out-of-phase plasmon
mode in the spectrum. This is because the out-aé@iplasmon modes do not have any
the dipole moment such that external light canimdtice these modes.

When two core-shell nanocylinder pairs are brougdether with the pair distance p of
20nm, the interaction between two nanocylinderspmirstrong and results in the energy
splitting in the spectrum. The other parameterdlaesame as those shown in figure 8.1.
The plasmon modes of two nanocyli.nd'er pairs. areciled in figure 8.2, which shows
four major plasmon modes in the spectrum- betweervigible and infrared regions. The
plasmon mode, near 1100 nrh,' corrésggr;'_c_lé '_to théﬁwhase symmetric dipole-dipole
modes oscillating in the out-;)f-phase V\;ay Thabisay, when two nanocylinder pairs
couple with each other, the in-‘bha'se symm'e'tnjc ldipoode of a single dielectric-core
gold-shell interacts with that of anéthér nan(.).ayﬁnpair. Phase retardation effect results
in the out-of-phase oscillation for the two in-pbaymmetrical dipole-dipole mode [14].
The plasmon mode near 890 nm is resulted fromniteedction between in-phase dipole-
dipole mode of the first nanocylinder pair and hmepe quadrupole-quadrupole mode of
the second nanocylinder pair. The other Plasmoremuoeiar 820 nm, corresponds to two
in-phase quadrupole-quadrupole mode oscillatingpénout-of-phase way. Therefore, for
normal incidence, the plasmon modes of two nanodgli pairs are composed of the
individual nanocylinder pair plasmon mode. addition, we can find that one of the

plasmon modes is excited at much longer wavelengtines electric field distribution
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Figure 8.2 The extinction spectra of,t\;ijo_éi{lig:é;e:gbld-shell nanocylinder pairs with the

gap width of 20nm and pair distance of 20nm.
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shows that this mode is resulted from the inteoacbetween the electrons at the outer
surface of the four nanocylinders. The normalizixttac field intensity is investigated
by propagating a plane wave at the respective mlasnmodes of two dielectric-core gold-
shell nanocylinder pairs with the same geometrgles/e is shown in figure 8.3. We find
that the electric field intensity decreases inditke dielectric core of the nanocylinder
when the incident wavelength increases. This isltes from the metal screening effect
because the skin depth of gold increases when déivelength of incident wave decreases.
When the incident wavelength increases to 1050hejricident wave can not penetrate
into the nanocylinder. The maximum electric fieltteinsity concentrates in the gap
between the nanocylinders and such_.a phenomemaﬂési lightning-rod plasmon mode
[13]. The electric field is completely screéned the metal, no electric field, and no

_u_ner-s_icth@fnetallic shell. This plasmon mode

-
S

induced charges could be found in th_é.i
is resulted from the coupliné of the in-;'r_j'z:}:t]_éée dapohodes formed by the electrons at
outer surfaces of the core-shell 'nahocylinde'réqFﬁgure 8.3 we can know, except for
this plasmon mode near 1050nm,.other pléémon moalesist of the essential plasmon
modes of the core-shell nanocylinder pair. We cabgerve the lightning-rod plasmon
mode for a single dielectric-core gold-shell naniocler pairs. This is because for just a
single core-shell nanocylinder pair with the outedius of 80nm, the resonance
wavelength of the in-phase dipolar mode resultechfthe outer surfaces does not exist
in the infrared region [16]. When two core-shelhaaylinder pair interacts with each
other, such a plasmon mode can be observed. Thmihg-rod plasmon mode is red-
shifted to longer wavelength than those of plasmaadles resulted from coupling of the

individual nanocylinder pair plasmon modes duéhtopgair-pair interaction.
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Figure 8.3The normalized electric field intensity at the resjive coupling plasmon modes

wavelength of two silica-core gold-shell nanocyéndpairs with the same

geometry shown in figure 8.2.
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In the following sections, we will show that theasmon modes of the two core-shell
nanocylinder pairs can be tuned systematically &ying the gap-width d between the
nanocylinder pair, pair-distance p between the spdine dielectric constant of the
dielectric core inside the nanocylinders, and tiveasinding medium. First, we simulate
the two pairs by varying the gap-distance betwédennanocylinder pair with the fixed
pair-distance of 20nm. In figure 8.4(a), as theeirylinder distance decreases, the
lightning-rod plasmon mode is red-shifted and eckdndue to the much stronger
interaction of dipolar modes resulted from the ®lets at the outer surface of the
nanocylinders. As the intensity of this plasmon maucreases, the dramatically larger
electric field concentrating in the gap of the:nalimder pair. As for other plasmon
modes resulted from the interactions of- the< indiaid core-shell nanocylinder par
plasmon modes, the resonance wav_él%ggth-.and itjiéﬂsiost remain the same. This is
because the cavity mode insi.de the diélr_é:é-t-ri'c;:ba&formed due to the enough effective
length, which is similar to oné;d:i_mensional’lﬁab&rd? resonance mode. Therefore,
these plasmon modes associated With thé cavity ndotét change dramatically by
outside of the nanocylinders.

Figure 8.4(b) shows that as pair-distance batwtee core-shell cylinder pairs
decreases, the intensity of the plasmon mode, hE3®nm, decreases and red-shifted.
The resonance energy shifts to lower energy bectgsévo cylinder pairs oscillate in
the out-of-phase way. As the pair-distance decrethse static coulomb energy also
decreases [10]. The interaction between the cylipdés gathers the energy flow inside
the region between the pairs and this interactlsa anhance backscattering effect [13].

However, the enhancement of the backscatterindtsesuthe reduction of the lightning
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rod effect because the amount of the incident gndogv concentrating in the gap of the
nanocylinder pair decreases.

We also simulate the two nanocylinder pair withfetént dielectric constants of
dielectric cores in figure 8.4(c). We can find imstfigure that as the refractive index of
the dielectric core increases, the resonance er@rthe plasmon modes reduces except
for the lightning-rod plasmon mode. This is becdase¢he core-shell nanocylinder pairs,
the lightning-rod plasmon mode is only resultedrfrine electrons at the outer surface of
the nanocylinders. A large real permittivity of tiveetal results in an efficient screening
and thus results in a redshift of the plasmon eeerd5]. The resonance energy of other
plasmon modes associated with the_. el'ect_r_ons ofnther surface of the nanocylinders

can be decreased by increasing the refractive iofiéhke dielectric core. By the similar

Jm—
S

way, as we increases the refréétive i_n-ldeg(:pf.'t_mmatit.ﬂing medium in figure 8.4(d), the
resonance energy of all the blasmon rr;cr)_‘éj__t-—:-s'willeimar. This is because all the plasmon
modes are dependent on the'.éle_(':trons at 'thg outircs of the nanocylinders. The
simulation results of three nanocyiinder pai.r.s vdtfferent pair-distances p from 20nm
to 2nm are shown in Figure 8.5(a), and the spelbeome more complex. Two
lightning-rod plasmon modes can be found in theaneid range in the extinction spectra
and the resonance wavelengths are 979nm and 12¥8spectively. From the electric
intensity of these two plasmon modes shown in &g8r5(b) and 8.5(c), we can be
convinced that the two plasmon modes are resutted fo the dipolar coupling of three
solid metallic pairs but with different charge distitions. A very interesting situation
occurs when the wavelength of the incident ligh®79nm, in which case the maximum

electric field intensity occurs in the gap of tleeand pair. M. Y. Ng and W. C. Liu [9]

105



= —-d=2nm - —-p=2nm

@, . L |

£ —--=-p=10nm|

Extinction cross sections (nm?)

1 L L ! 1 1 L L 1 1 L 1
400 600 800 1000 1200 1400 1600 1800 2000 400 600 800 1000 1200 1400 1600

Wavelength (nm) Wavelength (nm)
- - -eps=4.0 - - -core eps =2.1
(C)\ Fe-- eps=3.06 (d) . - -- - core eps =2.6
n —--—-eps=2.25 11\! —--—-core eps =3.1
vl eps=1.7689 Tl core eps =3.6

Extinction cross sections (nmz)

L 1 1 1 1
400 800 1200 1600 2000 2400 400 600 800 1000 1200 1400

Wavelength (nm) Wavelength (nm)

Figure 8.4 The dependence of the extinction speatrtwo dielectric-core gold-shell
nanocylinder pairs on dimensions. (a) For differgayp widths between the
nanocylinders with the pair distance p of 20nm, &) different pair-
distances between the nanocylinder pairs withgtge width of 20nm, (c)
for different dielectric constant of the dielectroores, (d) for different

surrounding medium.
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pointed out that a cavity mode confined by threeoaglinder pairs can be found in the
plasomonic spectra of the three-pair metallic nghoders. In this work, we find that
such a cavity mode of three solid nanocylinder asr essentially the same as the
lightning-rod mode near 979nm. Therefore, the mldticore-shell nanocylinder pairs
show higher tenability than those of the solid reytiader pairs and we can know how
the properties of the lighting-rod plasmon modéhoée core-shell nanocylinder pairs are.
From the simulation results discussed above, aveunderstand that for the multiple
nanocylinder pairs, how to control the light-rodagrthon modes and other plasmon modes
resulted from coupling of the individual core-shafinocylinders. Multiple nanocylinder
pairs can provide the enhancement pf the__;eledtrld fntensity on the gap between the

nanocylinder pair in the spectra from Visible thianed region. Therefore, they efficiently

S

combine two surface-enhanced Ramanscattering amthce enhanced infrared

absorption substrates on a single substré{e. ||

8.4 Conclusion

In conclusion, the plasmonic properties of muétiplanocylinder pairs are investigated
by two-dimensional finite-difference time-domain timed. The lightning-rod effect on
the interactions between the dipolar modes of ndmmers results in a longer
wavelength plasmon mode in the infrared region.eDthlasmon modes of multiple
nanocylinder pairs are resulted from the interastibetween the essential a single core-
shell nanocylinder plasmon modes. We can systeailgticontrol the strength and
resonance energy of these plasmon modes by vattyengair-distance between the pairs,

the gap-distance between the pair, the opticaltaahsf the dielectric-core, and
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surrounding medium. Therefore, the core-shell nginoder pairs possess an ideal
property which can enhance the electric field istlgnat the same spatial positions in the
wide wavelength range between the visible to iefdlaregions. From simulation results
we can find that for normal incidence, the difffantspectra of multiple cylinder pairs
contain the lightning-rod plasmon mode, and thetgtefield intensity is concentrated in
the gap between the nanocylinder pair in the ieftaregion. The resonance wavelength
and local field enhancement of this plasmon mode lwa tuned by varying the pair-
distance between the pairs, the gap-distance bettheepair, the optical constant of the
dielectric-core, and surrounding medium. The laelgetric field intensity in the infrared
region at long wavelength makes njultiplg core-skglinders an ideal candidate for

surface enhanced spectroscopies.
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Chapter 9

Conclusions

In this dissertation, we have realized the acaéten of finite-difference time-domain
(FDTD) by using graphics processor units (GPU). @arad with the CPU-Based FDTD,
the GPU-Based FDTD is about 25 times faster. Th&[-Das an advantage that it can
get full spectra in a single simulation, but it uegs a good analytical model for
description of the dispersion of materials. In ordeobtain such an analytical dispersion
model, we develop the three critical poiht polesieipwhich can get a better fit for gold
and silver in a wide wavelength ranges between m8@nd 2000nm. This efficient

dielectric function was implemented into.our GPLBédt FDTD to simulate the localized

S

plasmon modes in the core-shell nanoé&{f:i:.[;dérs.

In chapter 5, the plasmon mod'es__'of assingle qﬁéihecore gold-shell nanocylinder pair
is studied. The simulation results éhdw that..folap'mation direction parallel to the axis
of the pair, the plasmon modes of a dielectric-ogotl-shell nanocylinder pair could
contain an in-phase dipolar plasmon mode. The asehdipolar mode is from the
electrons at outer surfaces of the nanocylinder ¢hae to the lightning-rod effect. Thus
we can infer two important factors that give riseiritense electric field can be utilized
for the surface enhanced spectrospies: one isdigbd plasmon modes and the other is
the lightning-rod effect.

In chapter 6, the retardation effect on the pasmodes of a single silica-core gold-

shell nanocylinder pair is studied. We show thatliight polarized perpendicular to the
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axis connecting the pair, the spectrum dependstsehg on the size of nanocylinder

pair. As the size increases, several retardatidnged non-dipolar plasmon modes
including multipolar modes appear in the spectrurd the resonance wavelength and
strength of its plasmon modes can be tuned by ¢hgregparation width between the
nanocylinder pair.

In addition to the electric field distributionsich extinction spectra, the energy flow
associated with two closely spaced core-shell ndmaters are discussed in chapter 7.
Four zero energy (optical singular) points appaahe energy flow diagram: two saddle
points and two optical vortices. Among these fooinfs, the saddle points are outside the
cylinders and the optical vortices are 'ins_i_c_ie tigenders. Both the width of the gap
between the nanocylinder pair and.the valﬁe'optkrmittivity of the dielectric core are

found to have strong influence jon the.;qté__t_tiri_g dion of the optical vortices. The gap

S

width between the nanocylinder pafr affects :the rgyedistribution near the
nanocylinders and that in turn d'et_e_'rmines the i_pﬂat type of the optical vortices. The
permittivity of the dielectric core aetérminéé theagnitude of the EM field intensity
inside the nanocylinders and thus can be usedrtbaidhe energy flow direction inside
the nanocylinders. Our studies show for the firaetthat optical vortices can be found in
a core-shell nanocylinder pair and the rotatingation of the optical vortices associated
with the nanocylinder pair can be controlled byrafiag either the spacing between the
nanocylinder pair or by changing the permittivifytioe dielectric core.

In chapter 8, the optical properties of multiptere-shell nanocylinder pairs are studied.
We can find that for normal incidence, the difffantspectra of multiple cylinder pairs

contain the lightning-rod plasmon mode and hybddiplasmon modes. The electric
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field intensity of the lightning-rod plasmon modedoncentrated in the gap between the
nanocylinder pair in the infrared region. The reswe wavelength and local field
enhancement of this plasmon mode can be tunedryingahe pair-distance between the
pairs, the gap-distance between the pair, the aptionstant of the dielectric-core, and
surrounding medium. Therefore, multiple nanocylndpairs can provide the
enhancement of the electric field intensity on ¢fa@ between the nanocylinder pair in
the spectra from visible to infrared region. Theref they efficiently combine two
surface-enhanced Raman scattering and surface egtharfrared absorption substrates

on a single substrate.
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Appendix A

For the stimulation windowAx is the spatial size angtis the temporal time. In order
to implement the CP3 model into FDTD method, weoidtice the new vector field

W, known as the recursive accumulators and the updptations become

CIJcp1|n = C(,,%quCP1|n_l + ch_pl E|n (A1)

q"cpz|n = Cg)zq)cpzr_l + Céi)z E|n (A2)

CIJCP3|n = C@s@cpsr_l + Cgp3 E|n . . - (A3)

g =ce E|” +CPOxH |”+1’2 +CY R_;@Fpl\” + %F_I,Z\'” + _@.C'%\” ) (Ad)

ETRTCETL A TESN | n+1 f ,:,"T;;cr* -
HolX

The coefficients defined for the tpdate eQué‘tioﬁsHJgp and the electric fiel@ in

equations (A1-A3) are as follows:

(i) |

Chm=A220nE (1T m=1-3 (A6)
m m

Con =t mHemAt m=1~3 (A7)

The constanta,,,Q,,,l,, 0, and %, in the CP3 model can be obtained in Table 4.1,

and we define the y, used in the update equation (A4) of the electigdfE

3 -i )
XO:-OAI+ R z 4& (:I__é'rm+'Qm)At ) (A8)
m=1 r m'IQ m
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Theg,is the permittivity of free space, ang is the magnetic permeability of free space,

andc?,c” andc’ for the update equations (A5-A6) of the electiield E and the

magnetic fieldH are as follows:

co=_b= (A9)
EutXo
B At (A10)
Ax&y (€.t X0)
cr=—21 (AL1)
EutXo
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