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Abstract

Line shaping of localized surface plasmon oscdladi in plasmonic nanostructures is a
fundamental and application driven research in leidigine, sensing, energy and optical
communication. Such metallic nanostructures witteite arrangement can also support Fano
like resonances. These resonances usually cropoup the coupling and interference of a
non-radiative mode (dark mode) and a continuungfitnmode) of radiative electromagnetic
waves and are distinguished from their Lorentziaanterpart by a distinctive asymmetric
line shape and they are typically more sensitiveéh® geometry of the nanoparticle and
changes of the refractive index of the environm@&he role of the symmetry breaking in the
coupling between the plasmon modes of the indivipasts of the layered and neighboring
metallic nanoparticles is very important. The redurcof the symmetry of the system relaxes
the dipole coupling selection rules resulting imecture of dipole and higher order modes.
The understanding of this coherent mode coupling emable the engineering of plasmon
line shaping.

The focus of this work is to examine theoreticalbrious symmetric and asymmetric
plasmonic nanostructures to study the effect of oFamsonances. The proposed
nanostructures include spherical, cubical, ellgticylindrical and conical geometries with
multicomponents as well as nanoparticle pairs (dinlEhese nanostructures are designed in
such a way that the broad superradiant and naruisadiant plasmon modes overlap in
energy, resulting in a strong Fano resonance irofhieal spectrum, which is characterized
by a sharp dispersion than the conventional plasnesonances. Different kinds of new
symmetry breaking schemes have been introducettanayered Fano resonators, which
mixes plasmonic modes of distinct angular momenth@ovides a set of unique and higher
order tunable Fano resonances. The generation dipfauFano resonances with large
modulation depths in the asymmetric Fano resonadoesgreatly appropriate for multi-
wavelength surface-enhanced Raman scattering asthph line shaping by modifying the
plasmon lines at various spectral locations simmelbasly. In addition, the tunable strong
Fano like resonance obtained in the conical dinesomator can be useful for plasmon
induced transparency and the local near fieldhen“hot spots” are essential for the near
field applications. Among all the Fano resonatdng, polarization dependent conical Fano
resonators have shown striking properties suchgisthnability of Fano resonances, as well
as the control on resonant electromagnetic fieldaanement and scattering direction.
Eventually, the optical responses of all the symimeind asymmetric Fano resonators are
well replicated using a mass-spring mechanicalagyabnd analytical model of Fano line
shape. The observations in this thesis may leateto opportunities to tailor near and far-
field optical properties of plasmonic nanoparticfes specific applications, such as high
performance surface-enhanced spectroscopy, elemfyogtic induced transparency,
biosensing, plasmon line shaping, lasing, nonlimear switching.
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Chapter 1

Fano Resonances in Plasmonic Nanostructures

1.1. Introduction

The resonance phenomenon is typically considerée tan enhancement of the response
of some system to an external excitation at a fipetequency. Many physical systems
exhibit such phenomenon. It was first acknowleddgd Galileo Galilei in 1602 while
working on musical strings. Latter, it was estdi#id that mechanical, acoustic and
electromagnetic resonances are a universal feafumany kinds of classical and quantum
system [1]. These resonances were explained bgytimenetrical Lorentzian formula, which
was considered to be a fundamental line shapeefanance for many years.

Ugo Fano, an lItalian physicist experimentally oliedra new kind of asymmetric line
shape of a resonance in the absorption spectralé mases in 1935 [2]. The nature of the
asymmetry is then theoretically explained by hinaiguantum mechanical study of the auto-
ionizing states of atoms in 1961 that now bearsnaisie (Fano) [3]. Fano theory hence
explained that the sharp asymmetric line profilises due to the overlapping of a discrete
state with a continuum state, where destructivecamgtructive interference phenomena take
place at close energy positions. In 1931, Ettorgokaa draw similar conclusion while
working on the selection rules for the non-radtdecay of two electronic excitations in
atomic spectra, involving the configuration intdiae between discrete and continuum
channels [4]. His work presents a vital step fodenstanding the 1935 work of Ugo Fano on
the asymmetric line shape of two electron excitetio

The first asymmetric line shape was traced by Wood 902 that now connects to
plasmonics field [5]. While working on metallic ¢irag, he was astonished to see that under
special illumination conditions, the grating eféocy goes up and down. These hasty
variations in the intensities were named Wood's nases. However, no satisfying
description was found at that time. So the firslenstanding of the profile was provided by
Fano by suggesting that anomalies could be assdcidgth the excitation of a surface waves
along the grating.

This phenomenon has been studied extensively fantgm systems and in the classical
system of coupling oscillators [6]. Nowadays, Faesonances have been observed in various
systems including quantum dots [7], nanowires amthél junctions [8], bilayer graphene
structures [9], plasmon scattering in Josephsoatjoim networks [10] and matter-wave
scattering in ultra-cold atom systems [10] plusaumerous optical systems such as strong
coupling between Mie and Bragg scattering in phigtorystals and metamaterials [1, 10]. In
all these systems, the most emerging technologythes field of plasmonics that
squeezes electromagnetic waves into nanoscaldwtaand this technology proved to be a
keen platform in the generation of Fano resonanties.direct optical excitation of surface
plasmons on metallic nanostructures offers sevecainiques to control and manipulate light
at nanoscale dimensions such as varying the gepraettomposition of nanoparticles etc.
Localized surface plasmon resonances (LSPR) amngeldensity oscillations on the closed
surfaces of the noble metal nanoparticles such cdd gnd silver. They have potential
applications in chemical and bimolecular sensingabee the LSPR can be tuned from
visible to near infrared region by changing thepghaize and local dielectric environment of
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the plasmonic nanoparticles [11, 12]. LSPR havectpability to effectively scatter, absorb
and squash light, creating large enhancement afreleagnetic field amplitudes due to
which it can be used for Raman scattering or ieftaabsorption spectroscopy applications.

Plasmonic systems are a perfect option to produaeo Fresonances with sharp
dispersion, which make them promising for sensipglieations. In such systems, the Fano
resonances are accomplished through the interfereha plasmon resonance, which acts as
a continuum state, with a discrete state. For ekamp the interference of two different
excitation path ways, if in one path the continustate is excited and in the other path a
discrete state then Fano resonances will take plajeThe Fano line shape is quite different
from the symmetric Lorentzian line shape and idagumus to the electromagnetic induced
transparency (EIT) in atomic system. In a threelletomic system, EIT usually emerges
due to a quantum destructive interference betweenpathways provoked by another field
that can build an absorptive medium transparentth® probe field. So in metallic
nanostructures, Fano resonance is similar to Elfidiyg a phenomenon known as Plasmon
Induced Transparency (PIT) [14, 15]. Recentlyesalvplasmonic nanostructures have been
investigated widely both theoretically and expemtadly to study the effect of higher order
dark multipolar modes and Fano resonances. Thasastmactures include nanodisks [16],
nanorods [17-19], nanorice [20, 21], nanoshells-22P ring/disk nanocavities [30-35],
nanocross [36-38], dolmen structures [39-42], dsr{@8, 19, 26, 43-48], trimers [49, 50],
guadrumers [51, 52], pentamers [53], heptamers w®] nanoparticle chains [55]. These
nanostructures are among the most important futyrtecal materials for new devices,
containing sensors, logic circuits, slow light campnts and metamaterials. The Fano
resonances in these nanostructures can be acledhied by the interaction of (anti parallel)
dipolar modes or by the interactions of the dipatarde with higher order modes, like the
quadrupole and the octupole modes. When the sizthefnanostructure is very small
compared to the wavelength of incident light (Reghelimit ( >> d)) then only dipolar
modes are excited by the incident light. The higiréler dark modes can be excited either by
increases the size of the nanopatrticle or by symynbeeaking.

1.2. Literature review

As discussed before, surface plasmons are the cenhlmiscillations of conduction and
bound electrons in metallic nanoparticles driven dvy external electromagnetic field at
optical frequencies, which is accountable for tbhesiderable enhancement of the electric
field in the vicinity of metallic nanoparticles aridr the rich and complex features of the
scattered light. A number of applications, suclkclasmical and bimolecular sensing, photo
thermal cancer therapy, metamaterials and surfabareed Raman spectroscopy (SERS),
are based on surface plasmons. Several plasmonigstnactures has been proposed to
achieve Fano resonances in their optical spectray ave received much attention due to
hasty progress in the fabrication and characteoizgechniques [23, 43, 45, 56-59]. Single
nanoparticle can support different plasmon moddh wdistinct line widths. Broad dipolar
plasmon modes possess finite dipole moments andagrie well to incident light. They are
usually named as bright modes. The resonance gehk bright plasmon modes is spectrally
broadened by reason of radiative damping. On therdtand, narrow plasmon modes acquire
zero or almost zero dipole moments. They do notpleoiefficiently to the external
electromagnetic field, therefore not radiativelpdmlened. They are usually named as dark
modes [16]. The existence of both the bright and daodes in a nanostructure results in
Fano resonances. For complex nanostructures dfagbshape, the plasmonic response can
be understand using a powerful tool know as plasimggridization model [60, 61]. The
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splitting of the modal energies into bonding anditeomding modes is due to the coupling
between individual plasmon modes. Several plasmar@nostructures exhibiting Fano
resonances in their optical responses are brigfilagned below.

1.2.1. Fano resonance in single nanoparticle

Reported study showed that single nanoparticle llyse&hibits a single bright dipole
mode. However, Fangt al, have achieved Fano resonance in a single plaaaodisk
nanoparticle by the symmetry breaking conceptid@j.[Symmetry is broken by removing a
slice form the disk in wedge shape due to whichnteractions between a hybridized dipolar
plasmon mode of the disk and a narrower quadrupatate of the wedge-shaped slice occur,
which results in a Fano resonance. Both the nakaslize and wedge angle control the
properties of the Fano resonance. They also demabedta semi-analytical method that
provides a useful way to investigate coherent dag@nd Fano line shapes in a single planar
nanostructure. The reduced symmetry nanodisk wdsicéded using electron-beam
lithography in a positive resist on a silica sudstr The nanostructures were generated by
electron beam evaporation followed by a lift-ofbpess. Scanning electron microscopy was
used to obtained the normal incidence images offahacated structures. They suggested
that, this nanostructure can be used in metamkstesiaw light, electromagnetically induced
transparency, and light bending and switching appbns. Reect al, have demonstrated
theoretically the Fano line shapes resulting frares nanorod, which is due to the coupling
of an in plane quadrupole and a dipole mode im#énestructure. They also observed a new
Fano resonance, which occurs when the symmetiyeoh&norod is broken and is a result of
the asymmetric coupling between the two excitedlép[62].

1.2.2. Nanoparticles near dielectric substrate

For a nanoparticle in vacuum, there is no coupéing interference between the bright
dipolar and dark multipolar modes. Neverthelessanghet al, reported that when the
nanocube is deposited on a dielectric substrate,irttage of a dipolar mode will have a
substantial quadrupolar field component across rni@aeoparticle, which will introduce a
coupling between the dipolar and quadrupolar plasmodes resulting in a Fano resonance
[63]. Their study presents an approach for optingzthe sensitivity of nanostructures,
whether chemically synthesized or grown by depamsitmethods, as high performance
localized surface plasmon resonance sensors. €hah, have reported a theoretical and
experimental study of gold nanorod on dielectribsdtate. They showed that, substrates with
large dielectric constants can efficiently medihie hybridization between different plasmon
modes in a gold nanorod especially the couplingvbeh quadrupole and octupole modes in
a large nanorod, which can produce a Fano resongntee spectrum [17]. The Fano
resonance achieved in a nanorod deposited on ttielsabstrate can be tuned or switch on
and off by changing the space between the nanofeand substrate. Recently, Fernaetio
al., have suggested two different arrangements ofpaatioles i.e., a colloidal suspension of
nanospheroids (nanorice) and a single nanowire rgittangular cross section (nanobelt) on
top of a dielectric substrate for which the Farie linterference of longitudinal plasmon
resonances taking place at individual metallic mpamntcles that can be easily utilize in
refractive index sensing [20]. They have studiedhercally the performance of the two
configurations in terms of their figures of menthich were calculated under realistic
conditions.



1.2.3. Multi-branched nanostructures

Multi-branched nanostructures include plasmonicocasss and dolmen nanostructures
that support higher order dark modes and Fano aee@s. The nanocross geometry is
usually made from intersecting nanobars while thienén nanostructure is made from three
metallic beams, two parallel beams and the thiahbes placed perpendicularly on top of the
two beams. Verelleet al, proposed a wide experimental and theoreticalystf a planar
nanocross, supporting higher order plasmon modés 33]. The symmetry breaking is
introduced by adding extra arms, changing the amgieaand shifting the arm intersection
point due to which pronounced dipole, quadrupoletugole and Fano resonances are
examined in individual nanocross structures. TheoR@sonances can be tuned by changing
the cross arm length and the angle between the [86n87]. The nanocross geometry proves
to be a valuable building block for coherently clegpplasmonic dimers and trimers, where
the modes coupling produced hybridized subradiawt superradiant modes and multiple
Fano interferences [37]. They also observed thgh hguality factor subradiant Fano
resonances are produced in a nanocross and nadabato the coherent coupling and
interference of the bright and dark plasmon mo#&esthermore, they obtained experimental
sensitivities for these modes exceeding 1000 nmARitt a Figure of Merit approaching 5 in
the near infrared region, which may provide a aatsive platform for biochemical sensing
applications as well as plasmonic lasing [36].

Plasmonic dolmen nanostructures have received @tiehtion in metamaterials [40, 64-
66]. The two parallel beams of a single dolmen supa quadrupolar dark mode with much
narrow line width, while the third perpendicularabe supports a bright dipolar mode with
broader line width. The interference between the mwodes give rise to Fano like resonance,
which can be tuned and enhanced by changing the bapween the beams and beams
locations [39, 41, 42, 67, 68]. Verellenhal, have presented theoretically and experimentally
the appearance of Fano resonances in dolmen nactosé, which arises due to the coupling
of dark quadrupolar and higher order modes witighirdipolar modes. They observed that
these Fano resonances strongly depend upon theizattan of incident light and
nanoparticle geometry and such structure can be fasesensing applications [42]. Gallinet
et al, have studied extensively the dolmen nanostractupporting Fano resonances with an
electromagnetic theory by deriving a closed-fornalgiical expressions of the resonance
parameters. They suggested that, the insights timo physical understanding of Fano
resonances achieve by the proposed model will béugie attention for the design of
plasmonic systems with specific spectral resporisesapplications such as sensing and
optical metamaterials [39, 41, 68].

1.2.4. Plasmonic nanodimer

Plasmonic dimer nanostructure containing two chosaljacent metallic nanoparticles
also support Fano like resonance [18, 19, 43-4871§9 The plasmon modes of the first
nanoparticle couple primarily with the plasmon mod¥ the second nanoparticle due to
which a broad peak and a narrow peak emerges ispiiaetrum, which can be categorized as
bright and dark plasmon modes. The coupling aretfetence between the two modes of the
dimer results in a sharp Fano resonance whichasackerized by a dip in the spectrum. The
modulation depth of the Fano resonance can be tané@nhanced either by varying the size
of one of the nanoparticle or by varying the ingetgle gap. Brownet al, have
experimentally and theoretically analyzed heteraasrof different size and shapes that gives
rise to properties such as Fano resonances, avoidssing behavior, and optical nanodiode
effect [44]. Yanget al, have theoretically investigated the plasmon &ogpin metallic
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nanorod dimers. They observed a pronounced diparnoptical spectrum due to plasmonic
Fano resonance which is induced by destructivefarence between bright dipole mode of
the short nanorod and dark quadrupole mode ofaitig hanorod [19]. They also investigated
the optical emission response of a single nanoemptaced at either apex of the nanorod
dimer, which couples with a dimer and induces FHa&asonances. However, they observed no
Fano resonance when the nanoemitter is placecekigdh of the dimer [18]. Rodriguetal.,
have shown that gold and silver nanoparticle heliarers can be optimized to create strong
Fano resonance signals that can be measurableahgastl spectroscopic techniques. They
observed that maximum intensity of the Fano resomas accomplished when the size ratio
of the nanopatrticles (gold:silver) is close to Jhe Fano resonance is also twice as sensitive
as the corresponding surface plasmon resonancbaiages in the refractive index of the
surrounding medium for values below 1.5 and thesalts could be used for optical sensing
applications [70]. Shaet al, have proposed the plasmon coupling between é marhorod
and a small gold nanosphere both theoretically exqmkerimentally. They observed that the
plasmon resonance of the nanorod is highly modadilatethat of a small nanosphere. The
rotational symmetry of the nanorod and nanospheterbdimer is broken as they moved the
nanosphere around the nanorod, making the couplasimpn modes and their Fano
interference to vary and also the dipole of theasphere is rotated around the nanorod to
achieve favourable attractive interaction for thending dipole-dipole mode. This
heterodimers can be utilized as a potential plasmuber of two spatial coordinates for
sensing and high resolution measurements of distelnanges [43]. Wat al, have reported
Fano like resonances in the absorption spectrunanofasymmetric homodimer of gold
elliptical nanowires, which arises from the coh¢émupling between the superradiant bright
mode and the subradiant dark mode. They obsenratdyhincreasing in the rotation angle of
one nanowire, the Fano dip in the absorption ofahyanmetric dimer enhances first and then
decreases. The modulation depth and position of Rheo resonance is controlled by
changing the separation between two nanowires,hwinigy provide effective applications in
sensing and PIT [47]. Wat al, have also investigated the influence of symmbteaking

on the plasmon resonance couplings in the gold tnAeodimer and observed strong Fano
like resonance in the scattering spectrum due ¢ointerference of the bonding octupole
mode of the dimer with the dipole modes in the wealpling model. In the strong coupling
model of the dimer, a strong electric field enhanest at the gap of the dimer is produced,
which is much larger than that in the symmetricdgahnotube dimer [46]. Recently, Zhang
et al, have presented a plasmonic nanodimer consisfiagnanodisk and a nanoring. They
observed that the bright dipolar mode of the naslodkcites the quadrupolar, hexapolar, and
octupolar resonance modes of the nanoring and &romg Fano dips. They show that the
dimer nanostructure offer both high contrast ratmal figure of merit due to which it can be
used for chemical and biological sensors [71]. PlEsmonic dimer nanostructure has also
received a huge attention for surface-enhanced Rapectroscopy applications due to the
hot spot produced in the gap between nanopartidhes incident light is polarized along the
dimer axis [19, 44, 45, 72-77].

1.2.5. Plasmonic nanopatrticle aggregates

The plasmonic nanoparticle aggregates consistimgooé than two nanoparticles such as
trimer, quadrumer, pentamer, hexamer and heptamcerTbese nanoparticles have been
studied extensively both theoretically and expentaly for the generation of Fano
resonances [53, 54, 78-85]. For symmetric nanapartlusters, one can categorize the
collective plasmon modes of each constituent namiofgausing group theory [1, 79]. For
trimer and larger clusters the optical spectra akwavo or more hybridized plasmon
resonances (dipolar and higher multipolar) that-sieit with decreasing nanoparticle
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separation. In nanoparticle aggregates, by varyimg interparticle separation, relative
particle size, or breaking the symmetry, there ligrge tunability of the modulation depth as
well as the spectral position of the Fano resonaibe strength of the Fano resonance in
these types of clusters sturdily depends upon dleripation of the incident electric field and
the enhancement normally crop up in the seam betwasighboring nanoparticles.
Sheikholeslamiet al, have proposed plasmonic trimer, where Fano fésonances have
been observed, which arises from the interferemekiateraction of electric and magnetic
modes. The near and far field optical propertiehefnanoparticle trimer can be significantly
changed by extremely small variations in the geoynéfhey suggested that interactions
between electric and magnetic modes in plasmonstesys can be used for controlled
nanoscale optical emission, surface-enhanced sgeofies, ultrasensitive sensors, and
active metamaterials [49]. Fagt al, have demonstrated that clusters of four idehtica
spherical particles (asymmetric quadrumer) exhgtiong Fano like interference. They
observed that the strength of Fano resonance tdyhggnsitive to the polarization of the
incident electric field due to orientation depertdesupling between patrticles in the cluster.
They calculated the figure of merit and sensitiofythe quadrumer, which are 6.7 and 647
nm/RIU and suggested that quadrumer structure eanskbd for LSPR sensing application
[51]. Rahmaniet al, have designed and fabricated a symmetric quaglruranostructure,
which consists a central nanodisk surrounded letsmilar nanodisks belonging to thg,D
point group. They observed that the interferencevéen the subradiant and superradiant
modes in quadrumer leads to a strong Fano resonanhagormal incident light and
independent of the excitation polarization. Thegoakstablished that the quadrumer’s
arrangement allows localization of the near fiedérgy selectively by varying the excitation
polarization due to which it can find applicatiansnano-lithography, optical switching and
nonlinear spectroscopy [52]. Rahmaial, further demonstrated the design and fabrication
of arrays of plasmonic pentamers consisting of fimetallic nanodisks to obtained a
pronounced Fano resonance under normal incidenttdigng all orientations of polarization.
The pentamer was designed by adding a centralidiskthe center of quadrumer due to
which an anti-parallel coupling of dipolar modepears. The ratio between anti-parallel and
parallel dipole modes were 2/3, which results ie tieneration of a pronounced Fano
resonance [53]. Recently, Rahmamial, have studied the effect of symmetry breaking in
pentamers. They observed that by offsetting théraledisk on an otherwise fixed geometry
gives rise to additional Fano resonance in the sgpsetrum that can be used in LSPR
sensing [80]. Bat al, have proposed a hexamer and an octumer clustesssting of a
central particle and a surrounding ring of nanaplad. The hexamer nanostructure consists
of a central particle surrounded by five nanopbesidn ring shaped whereas; the octumer
consists of a central nanoparticle surrounded bgrs@anoparticles in ring shaped. For the
hexamer of equally sized nanoparticles, the dipoteanent of the ring is smaller than the
dipole moment of the central particle, so no si&po resonance is observed. By decreasing
the size of the central particle, the antibondingdenbecomes subradiant and a clear Fano
resonance is produced. For the octumer consisfimgjually sized nanopatrticles, the dipole
moment of the ring is larger than that of the cantanoparticle. Thus, by increasing the size
of the central nanoparticle, the antibonding modeomes subradiant and produces a sharp
Fano resonance. They suggested that these clasigcs be used for LSPR sensing [1, 79].
Mirin et al, have reported a symmetric septamer or heptaroasisting of a central particle
surrounded by six equivalent nanoparticles of thmes sizes exhibiting a narrow Fano
resonance in the spectrum. The interaction betwsplasmon modes of the central particle
with the plasmon modes of the surrounding ring paniicles results in hybridized bonding
and antibonding plasmon modes, which interfere@onduced a pronounced Fano resonance
in the spectrum. This Fano resonance is observdek tavell maintained by breaking the
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symmetry of the heptamer [78]. Recently leu al, have reported a plasmonic heptamer
composed of split nanorings with two gaps and agdenultiple Fano resonances that arises
from the coupling of the quadrupole and dipole nsoodeeach split nanoring with each other
and there is a large tunability of the modulatieptth for each Fano resonance by varying the
geometry. They suggested that multiple Fano resmsamre important for plasmon line
shaping [54]. Changt al, designed a plasmonic Fano switch by using aanoet cluster
with a half disk as the central particle to achiggdarized Fano like and non Fano like
spectra at orthogonal polarization directions [R#jegelyet al, proposed large nanopatrticle
aggregates with multiple ring modes and elongakeihs of nanoparticles surrounded by one
ring of nanopatrticles, which exhibit multiple Faresonances due to the interference of one
broad superradiant mode and multiple narrow subrddmodes. They showed that the
number of nanoparticles and their respective agangt in the cluster strongly influence the
spectral position and modulation depth of the gpéstgnature of the supported modes. They
suggested that large nanoparticle aggregates waupports higher order Fano resonances
can be used for multi-wavelength SERS [86]. Regediboet al, have proposed a linear
chain of nanopatrticles. They observed that Fanonaesces can be excited and tuned through
nanoparticle number manipulation by adding or remgwarticles from the chain. The
spectral overlapping of the fundamental bright tBpmodes of the chain with different dark
modes excited within the chain of different numbgparticles, resulting in the generation of
Fano resonances [87].

1.2.6. Bimetallic nanostructures

The bimetallic nanostructures can be classified mg/disk nanocavities, multilayer
nanoshells and double nanoshells. These nanosesatifer highly tunable Fano resonances
both in the visible and near infrared region thah de easily controlled by adjusting the
dimensions of the nanoparticle. The ring/disk nandies consisting of a metallic nanodisk
inside a thin metallic nanoring supports both thleradiant and superradiant dipolar plasmon
modes with large associated field enhancementshagidrefractive index sensitivities [32,
88-90]. The ring provides higher order multipol@senance modes (subradiant modes),
which coupled with the disk dipolar mode (supematimode) resulting in Fano resonances.
The symmetry breaking is introduced by moving teatal nanodisk with respect to the
surrounding ring due to which the interactions lestw bright dipolar mode of the disk and
dark multipolar modes of the ring increases, whigsults in higher order Fano resonances
[31, 33-35, 89]. Hacet al, have investigated both theoretically and expentally the
concentric and non concentric ring/disk nanocawitiehey studied the effect of symmetry
breaking in a plasmonic ring/disk cavity, where tju@adrupolar ring resonance interacts with
the dipolar disk resonance and an asymmetric Fesanance emerges in the spectrum. They
observed that the shape of the Fano resonanceeiediland the resonance appears as a
symmetric peak by changing the angle of incidegitli They also presented large LSPR
sensitivity and field enhancement of Fano resonanbech may be useful for LSPR sensing
and surface-enhanced spectroscopies [33, 91]. $ande et al, demonstrated
experimentally subradiant and superradiant plasnmodes in concentric ring/disk
nanocavities and achieved multiple Fano resonaraggsear within the superradiant
continuum when structural symmetry is broken, whichuld find applications in plasmon
line shaping [35]. Cetiret al, have introduced a conducting metal layer undgmehe
asymmetric ring/disk nanocavity due to which stemgear field enhancements and Fano
resonances with much sharper spectral featurebeachieved. This kind of nanostructure
with slight structural asymmetries, helps to rediat®ication tolerance [89]. Niat al, have
reported dual disk ring nanostructure with brokemmetry, where the two disks are placed
inside the ring to obtained Fano resonance in thible range, which arises from coupling

7



between the subradiant octupolar mode of the riidythe superradiant dipole mode of the
two disks. This kind of nanostructure can be useddfractive index sensing and surface-
enhanced molecular sensing applications [34]efal, have further studied the dual-disk

ring nanostructure and achieved a rich set of ten&ano line shapes, which include

guadrupolar, octupolar, hexadecapolar, and triddpolar Fano resonances by breaking the
symmetry of the structure either by changing tlesiof the two disks or their asymmetric

locations inside the ring. They suggested thats tmnostructure can be used as high
performance biochemical sensor in the visible wavgth range [31].

Double nanoshells structure containing two altengalayers of dielectric and metal has
been investigated in the plasmon hybridization yet Due to its greater geometrical
tunability from the visible to infrared regions tife spectrum, it has been mostly used for
refractive index sensing based applications [229@2 Currently, Rodrigueet al, reported
that by carefully selecting the geometrical pararsebdf such nanostructure, a dipole-dipole
Fano resonance can be established in the optieatrspn, which can be tuned between 600
and 950 nm by varying the dimensions [22].

Recently, three dimensional multilayer nanoshelisitaining a spherical metallic core, a
dielectric spherical shell and an external methksigal shell have attracted many researchers
attention because of their controllably tunablesplan resonances over the entire visible
spectrum as well as near to mid infrared regiomioglifying the radius of the core, shell and
the dielectric medium between them [22-24, 27, 06}1 Xia et al, first reported the
synthesis of multilayer nanoshells [105]. They edagold colloid with a thin layer of silica
using modified Stober method. Silica growth wascpded by a sodium silicate treatment in
an aqueous solution with a controlled pH. The ogtdd coating was created by the same
method as that of a single nanoshell. So in thig waultilayer nanoshells can be synthesized.
This method has been further refined by Bardegal, [23] and Mukherjeeet al, [27] to
fabricate multilayer nanoshells. Compared to cotigeal single layered nanoshell, a
multilayered nanoshell has an advantage of reglitie localized surface plasmon resonance
at wavelength of 1300 nm or longer, which is bedigmto be more beneficial to ultrahigh
resolution optical coherent imaging and drug delivapplications [97, 106]. The extra
degree of tunability is provided by the inner migakore as explained by plasmon
hybridization model. The plasmon oscillations ofltiayer nanoparticles can be explained in
terms of the interaction between the plasmon modlése inner metallic core and the outer
nanoshell, which will split the plasmon into lowemergy bonding mode and higher energy
antibonding mode. This nanostructure also supptatge electromagnetic near field
enhancement inside the dielectric layer, whichnsgrdluential attribute of SERS. Reported
results show that the multilayered nanoshell candésigned and synthesized in such a
manner that the broad superradiant and narrow digimtaplasmon modes overlap in energy
and result in a strong Fano resonance in the ¢mpectrum. Shaunaét al, have studied
gold-silica-gold multilayered nanoshell and achawipole-dipole Fano resonance in the
concentric case by carefully arranged the dimemssajrthe nanoparticle. Higher order Fano
resonances were obtained by breaking the symméttigeostructure [27]. Jiret al, have
worked on weakly dissipating metal i.e., silver aadhieved dipole-quadrupole Fano
resonance in silver-silica-silver multilayered nsinell in the concentric case. They observed
that symmetry breaking via the introduction of cofiset further enhances these Fano effects
and leads to the emergence of higher order resesd@d]. Dajiaret al, worked on gold-
silica-silver multilayered nanoshell and obtainedote-dipole and dipole-quadrupole Fano
resonances in the concentric case, which can legltand enhanced by varying the radius of
the inner core, middle silica layer and outer silsikell [29]. Rodrigueet al, studied gold-



silica-gold multilayered nanoshell and suggested Hy carefully selecting the geometrical
parameters, the position of the dipole-dipole Fessmnance can be tuned between 600 and
950 nm and its intensity can be amplified up torffmld with respect to the non-optimized
structures [22]. Wit al,, reported the effects of anisotropic permittivatyd permeability in
inner core on the Fano resonance in silver nanbshety observed that the Fano resonance
shows a red-shift and the magnitude of Fano prafitgeases by enhancing the tangential
permittivity or permeability of inner core. Theyrfner demonstrated that enhancing both the
tangential permittivity and permeability of innesre can produced a strong enhancement of
Fano resonance [107]. Wat al, have further reported the affect of the sphéacésotropy

of a middle layer on the plasmon resonance couplingthe sandwiched gold nanoshell.
They observed that, the couplings in such nandstrei@re more sensitive to the permittivity
along the radial direction of spherical anisotrdayer than the permittivity along the
tangential direction. They also established tHag, middle spherical anisotropy layer with
smaller anisotropic value is useful to attain largkectric fields inside the nanoshells, which
may be useful in nonlinear optics and SERS [10QjerCet al, have demonstrated a
symmetric system of gold nanosphere coated witlectigc shells that can induce distinct
Fano resonance, which arises from the interferefi¢be narrow plasmon resonance of the
gold nanosphere core and the broad scattering bawkd of the dielectric shell. They further
examined that, the refractive index of the dielecthell can also affect the Fano resonance
behaviour, including its spectral position and shaphey proposed that, this nanostructure
can be used in optoelectronic and sensing appitaitihat exploit Fano resonances [108]. In
all the study of the multilayered nanoshell repdrigefore, the symmetry breaking is
introduced by offsetting the inner metallic corénieh will enhanced the interaction between
the plasmon modes. The increased interactions séugber order dark multipolar modes
emerges in the spectrum, which couples to the sagiant dipole mode and induces higher
order Fano resonances [24, 27].

In the light of the above findings in the existiitgrature by different researchers, In this
thesis, we focus on the theoretical study of Fasmmances in different hybrid plasmonic
double and multilayered nanostructures as well aglirmer nanostructure. All the
nanostructures support subradiant and superragi@simon modes together with Fano
resonances. Different kinds of new symmetry bregkionception has been introduced in all
the layered nanostructures to achieve unique nhellipno resonances with large modulation
depths, which play an important role in varying gh@smon lines at several spectral locations
simultaneously compared to a single Fano resonandealso these multi-Fano resonances
are constructive in multi-wavelength SERS and bies®y. In addition, the tunable strong
Fano like resonance in the conical dimer nanosiractan be useful for plasmon induced
transparency and the local near fields in the “bjpots” are essential for the near field
applications. To sum up the symmetry breaking cptioe, mode coupling effects and Fano
resonance generation in plasmonic nanostructuessgds the plasmon hybridization theory,
we used mass-spring coupled oscillator analogyaawadiytical expressions of Lorentzian and
Fano line shapes.

1.3. Methodology

For theoretical studies of plasmonic nanostructuseseral tools have been developed.
The nanostructures with spherical and ellipsoigiaimetries, the analytical theories like Mie
and Gans respectively have been used but theseiehesre limited only to spherical,
ellipsoidal and concentric geometries [109]. Foregular complex nanostructures or
symmetry broken nanoparticles various numericdirigpies are used, which provide results
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that are more accurate and become the preferredotheThese includes Discrete Dipole
Approximation (DDA) [28], Finite Difference Time Daain (FDTD) [34], Finite Element
Method (FEM) [110] and Integral Equation (IE) [11HRecently, numerous research groups
have employed the commercially available softwar@OMSOL” in studying the
electromagnetic field interactions on plasmonicastructures [25, 28, 45, 63, 69, 98, 110].
COMSOL Multiphysics is numerical simulation softwapased on Finite Element Method
(FEM), which accurately solves electromagnetic feois at the nanoscale level.

Both the near and far field optical properties weaéculated in the frequency domain
using the scattered field formulation. The 3D siatioin space is composed of a nanoparticle,
an embedding medium and a perfectly matched I8}, which eliminate the reflections
at the domain boundaries. The embedding mediumcaasidered air for all the considered
cases. In the calculations, Johnson and Christyt Hate been utilized for the dielectric
constant of both the gold and silver instead ofd@rumodel, which neglects the damping
caused by interband transitions [112]. The perniigalof both the metals are = 1. A
spherical far field integration boundary is broughtbetween the inner PML boundary and
the nanostructure. We chose the dimensions ofrttieedding volume and the PML in such a
way that varying the size of the nanoparticle womtd influence the simulation results. A
free built-in meshing algorithm in COMSOL was udeddiscretized the simulation space,
which will divide the simulation space into a séte&trahedral finite elements [25]. A plane
wave, used for excitation, was inserted on theds&f PMLs surrounding the embedding
medium. The absorption cross section is calcul&@gdntegrating the average dissipated
powerQ,, over all space occupied by metal.

Q,dv
s ) — Metal (11)
aps l 2
5zO|HO|

whereHjy is the incident magnetic field amplitude afglis the characteristic impedance of
vacuum.

The scattering cross section is calculated as thigo rbetween the scattered
electromagnetic power and incident power density.

2
ds

1
ﬁ f ‘Rf Efar

S

(1.2)

scat

1
5ZO|H0|2

Eiar is the far field component of the scattered fielmculated using the Stratton-Chu
transformation which is implemented in COMSOL aRdis the radius of the spherical
surface on which the far field is evaluated. Thi#nexion cross section is given by the sum of
the scattering and absorption cross sections. THuér@magnetic near field enhancement at a
specific point is obtained by dividing the ampligudf the total electric fields) at that point
with the amplitude of the incident electric fietg.

h=—T (1.3)
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1.4. Thesis organization

This thesis is directed towards the design, sirmaraand theoretical characterization of
various types of plasmonic layered and dimer nanostres. The scope of this thesis is to
generate and optimize single and multiple Fanonasces and localized near-field energy by
changing the size, composition, geometry and iatgigle gap as well as symmetry breaking
in the nanostructures.

Chapter 2 presents a detailed study on the faat Aeld near field optical properties of
multilayered spherical nanostructures. Two kind$-aho resonators have been proposed; a
multilayered Fano resonator, which consists ofrarei metal core, a middle dielectric layer
and an outer metal shell and a double nanoshelb Fasonator, which consists of two
alternating layers of single nanoshells. Differ&imds of new symmetry breaking schemes
have been introduced in both the Fano resonat@sawhich a unique and multiple Fano
resonance bands have been obtained in the oppeaktram. The double nanoshell Fano
resonator is proved to provide better tunabilityr@$onant modes due to which it is highly
suitable for biomedical applications. However, theltilayered Fano resonator provides
large field enhancement and multiple Fano resorsadoe to which it can be used for high
performance SERS and plasmon line shaping.

In chapter 3, we investigated the plasmon couphngultilayer nanostructures based on
silica and truncated gold nanocones. The uniqueureaof multilayered conical
nanostructures is that a symmetry breaking in thapling mechanism with the incident
electromagnetic field can be simply obtained bwtiog them. This cannot be accomplished
in nanostructures with spherical symmetries. Fagsomances are achieved at different
frequencies by rotating the nanostructure axis wagpect to the incident polarization. The
extinction spectra of all the nanostructures aoved to be strongly dependent on the angle
and polarization of the incident light. Eventualthe optical response of the multilayered
nanocones is compared to the concentric and noceotric multilayered nanospheres and
the former nanostructures are discovered to prowidder order dark modes and sharp
tunable Fano resonances than the latter nanostesctiihe large field enhancement and
higher order tunable Fano resonances in multilalyeomical nanostructure suggest that this
resonator is highly appropriate for multi-waveldngBERS, biosensing, switching and
plasmon line shaping.

In chapter 4, we extended the conception of mykilad structures to cubic, elliptical
and cylindrical structures with multi-componentsdasbserved the same effect of higher
order dark hybridized modes and Fano resonanceseTianostructures have been designed
in such a manner that the broad superradiant amdwaubradiant plasmon modes overlap
in energy and result in a strong Fano resonandldroptical spectrum. By observing the
bright and dark modes in these nanostructures efferent geometries, we end up with a
conclusion that this trend is very general in batigt nanostructures. Any type of geometry
with multicoated structure like multilayered spleati nanoshell can be designed with its
bright and dark modes exhibiting Fano resonances.

In chapter 5, we analyzed the optical propertiese geometries of gold nanocones.
The effect of Fano like resonances are obtainedsimgle resonator structure which contains
only a single metal piece. The symmetric conicabrator also offers dimensional angularly
selectivity of the plasmonic properties like thanoeups and gold nanoshell with holes but it
has an advantage to exhibit Fano resonance irptietram, which can be used for additional
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applications like PIT and switching. The asymmetimical Fano resonator is found to be
highly capable in the generation of higher ordemd-eesonances, which may be suitable for
plasmon line shaping and SERS. The spectral sehgitof asymmetric conical Fano
resonator to the surrounding medium is also studiedl high values of figure of merit and
contrast ratio are observed, which shows the padoce of Fano resonator as a biological
sensor.

In chapter 6, we studied the plasmonic propertiesamoparticle pairs based on gold
nanocones. The Fano dimer resonator is designeckaiize plasmonic EIT capable of
strongly dispersive and low loss transmission bghavn the spectrum. Several
configurations of the dimer resonator have been ahetnated, which suggest that the
plasmon coupling in the dimer is not only dependenthe interparticle distance and size of
the nanoparticles but also on the spatial arrangemiethe two components. The localized
near-field energy known as hot-spots of the din@rastructure are essential for the surface-
enhanced Raman spectroscopy applications by degemttmolecules.

In chapter 7, we characterize the interaction betwthe plasmon modes of different
Fano resonators through the mass-spring couplelfatscanalogy and the analytical model
of Fano and Lorentzian line shapes developed bjyiréaknd Martin. These analysis make
the existence and understanding of Fano resonaeesger in complex plasmonic
nanostructures.

Finally, in chapter 8, we present the main condiusiof this thesis.
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Chapter 2

Optical Properties of Multilayered Spherical
Nanostructures

2.1. Introduction

In this chapter, we studied extensively the optmralperties of spherical nanostructures
using plasmon hybridization model. These nanoatrast have attracted many researchers
attention due to the generation of higher ordeallsm Fano resonance over the entire visible
spectrum as well as near to mid infrared region B 27, 107, 108]. Such nanostructures
include multilayered nanoshell (MNS), which contamn spherical metallic core, a dielectric
spherical shell, and an external metal sphericall nd double nanoshells (DNS), which
contains two alternative layers of metal and digiecThe plasmon oscillations of multilayer
nanoparticles can be explained in terms of theacteon between the plasmon modes of the
single parts of the nanostructure, as they actognene. For example, the plasmon modes of
a metallic nanoshell, composed of a dielectric core a metallic layer, can be considered as

arising from the interaction between the dipolardmmf the metallic spher}aS} and the

dipolar mode of the dielectric cavitbC} [61, 113]. The hybridization of the sphere and
cavity plasmons created two new plasmon modes, ithahe higher energgntibonding
mode|+) and the lower energyonding mode- ), corresponding to the antisymmetric and

symmetric interactions between th&) and |C) modes, respectively. A more fine

classification consists in distinguishing the plasmmodes of these nanostructures is
superradiantandsubradiantmodes. A superradiant plasmon mode radiates djrtwegause
the dipole modes of the single parts of the muylitananostructure are aligned and oscillate
in phase, instead a subradiant plasmon mode radiaakly because the dipolar modes of
single parts are aligned oppositely.

Here we analyzed theoretically, the near and fald foptical properties of MNS and
DNS nanostructures. Tunable Fano resonances hawvediained both in the symmetric and
asymmetric nanostructures. Different kinds of ngmmmetry breaking have been introduced
both in MNS and DNS nanostructures due to whichquaihigher order tunable Fano
resonances are perceived in the optical spectramalFthe considered nanostructures, we
set the polarization of incident light alomgand the wave propagation in thelirection as
shown in figure 2.1. The embedding medium consiiesair for all the cases. The dielectric
constant of silica is chosen to be 2.04.

2.2. Multilayered nanoshell (MNS)

Multilayered nanoshell (MNS) contains a sphericataflic core, a dielectric spherical
shell and an external metal spherical shell. Tiyee tof nanostructure start to become the
focus of strong attention in chemical and bimolac@ensing, lasing and SERS [23, 28, 96-
98, 114]. The MNS nanostructure has also the ghiditgenerate higher order tunable Fano
resonances, which could find applications in plasniioe shaping and multi-wavelength
SERS. The geometries of a concentric and non-comcegold-silica-silver MNS are
illustrated in figure 2.1(a) and (b), where theenmetal core is selected to be gold and the
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outer metal shell is selected to be silver. Theedisions of MNS are R50/ R=65/ R=75
nm, respectively.

by

Figure 2. 1. Geometry of (a) concentric MNS andNbj-concentric MNS with offset core in y-directi¢ny).
R1/R,/Rsrepresents the radius of the inner core, middiessiayer and outer silver shell.

2.2.1. Plasmon hybridization

The hybridization model has been developed to wtaled the plasmonic response of
metallic nanostructures [61]. For MNS, the plasntomridization will occur between a

spherical metallic core and the outer nanoshelly @re low-energy bonding modeW_} of

the nanoshell is considered to interact with thmoldi mode of the core because it has a large
dipole moment. The high-energy antibonding mbﬂe} of the nanoshell has a small dipole
moment and its interaction with the core mode iy weeek and cannot be observed in the

spectrum. Thus, the interaction between the dipwdee of the core and the dipole bonding
mode of the shell hybridized and produce a high-ggneymmetric dipole antibonding mode

‘W_>(1) and a low-energy asymmetric dipole bonding m«j)zl_e>(l). The ‘W_>(1) mode is a

superradiant mode that arises by the symmetriclo@upetween the core dipole mo{ieg)

and the dipole bonding modlev_) of the outer nanoshell, Whi*@‘l/_' >(1) is a subradiant mode
that arises by the antisymmetric coupling betwh@@} and|W_> modes [29, 98]. For the

concentric MNS, only those modes which have theesangular momenta will interact as

shown in figure 2.2(a), where the dipole mode & ﬁmre|Ws>(1) interacts with the dipole

mode of the shellw >(1). Likewise the quadrupole mode of the chrug}(z) interacts with the

quadrupole mode of the sheil >(2) and so on. For the non-concentric MNS, where we

offset the inner core on an otherwise fixed geoyetrodes of different order will mix i.e.,
those modes which have distinctive angular mometdes to interact as shown in figure

2.2(b). For instancq,:/@(l) mode of the core will not only interact with, >(1) mode of the

shell but also with the higher order modes of thellslike the quadrupole*w_)m and

octupole|W_> modes etc. Also the lower order modes would bestefted because by

3)
offsetting the inner core, the gap between the eokthe shell decreases due to which the
plasmon interactions between the modes increases r@sult we obtained a strong red-shift
in the optical spectrum [99].
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Figure 2. 2. Plasmohybridization diagram. (a) Concentric MNS, where thteraction between modes hav
the same angular momentum takes place. (b-concentric MNS, where the black solid lines showitnal
interactions between the modes. Photon energyadsesefrom bttom to top.
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Figure 2. 3.Scattering cross sections concentricMNS. Blue line corresponds to gesilica-gold MNS, red
line corresponds to gold-silicsilver MNS, green line corresponds to si-silica-gold MNS and black lini
corresponds to silver-silicsitver MNS

2.2.2.Far field optical properties

Figure 23 demonstrates the scattering spectraconcentric MNS using differen
materials.The blue line corresponds to g-silica-gold MNS, red line corresponds to g-
silica-silver MNS, green line corresponds to si-silica-gold MNS and black lin
corresponds to silver-silicsitver MNS. For all types of MNS, we obtained twstohct
res;mant peaks in the spectruiThe highenergy broad superradiant antibonding plas

mode‘ W_+>(1) and the lowenergy narrow subradiant bonding plasmon r ‘W_' >(1). Both the

resonant peaks arises from dipole-dipole nteraction between a metallic core and the .
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The subradiant and superradiant dipole modes atesemarated from each other. Spectrally,
the subradiant mode does not overlap the supentadiade and therefore, both the peaks
couple directly to the incident light and we obsehno Fano resonance in the spectrum [24].
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Figure 2. 4. Scattering spectra of NC-MNS as atfancof core offset y. y = 0 (blue line), y = 4 nm (red
line), y =11 nm (green line) andy = 14 nm (black line).

2.2.2.1. Symmetry breaking in MNS

We consider gold-silica-silver MNS and broke itsnsyetry by offsetting the inner gold
core with respect to the shell as a result modedifédrent orders will mix [24, 27, 98].
Figure 2.4 shows the scattering spectrum of a mocentric MNS (NC-MNS) with different
core offsets. The blue line corresponds to the eotnlic MNS as we discussed before where
we obtained two distinct resonant modes, i.e.high-energy superradiant antibonding mode
near 536 nm and the low-energy subradiant bondiogerear 1000 nm. The red line
corresponds to the NC-MNS with a core offset ofl in this case, a new peak emerges near
670 nm in the vicinity of superradiant mode. Thieda represents a subradiant quadrupole

mode‘w‘ >(2). This mode was dark in the concentric case duarttiogonality. The(w‘>(l)

mode is also red-shifted as the interactions beatvilee core and shell increases by offsetting

the core. Th4Wf>(1) mode overladw_‘ >(2) mode due to near field interaction and induces a

dipole-quadrupole Fano resonance (DQF) in the sp@ctAs the core offset increases
further, more dark modes starts to appear andetb@enance peaks also red-shifted more. For

instance, at 11 nm core offset, the_‘ >(1) mode shifts to around 1080 nm, while t‘hﬁ; >(2)

mode shifts to 732 nm and its peak amplitude irsgedecause of the addition of the dipolar
component into quadrupole mode [98]. A slight pepgkears in the spectrum near 604 nm

(green line), which represents a subradiant ocmmxbde‘w_'>(3). The near field coupling

between‘ w >(1) and‘W_‘ >(3) modes gives rise to dipole-octupole Fano resonéd@e-) in the

spectrum. By further offsetting the core (14 nmyubradiant hexadecapole mo)de‘>

(4)

emerges in the spectrum near 630 nm (black lindjichvcouples to‘w*>(l) mode and

engenders dipole-hexadecapole Fano resonance (D‘rHEj.W_' >(1) mode remains uncouple
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to ‘W*> mode. It is also to be noted here tha’f> mode is faintly blue-shifted, because it
@ @

is a high-energy mode and has an extremely feetdzaiction with the gold core dipolar
mode [98, 99].

We introduced another two types of symmetry bregkmMNS nanostructure i.e., the
middle silica layer and the outer metal shell his® deen displaced from their respective
positions to break the symmetry of the structureslaswn in figure 2.5(a) and (b). By
offsetting the silica layer on an otherwise fixegbmetry will change the shape of the silica
and outer silver shell but the total volume of btité silica layer and silver shell remains the
same. In this case, the symmetry of the single staglbis broken and the higher order modes
emerges on the nanoshell will interact with the e®df the core. This is explained by the
plasmon hybridization diagram shown in figure 2Fgure 2.6(a) shows the plasmon
hybridization of a non-concentric single nanoshelere we offset the silica core from its
center. The plasmon hybridization process will odoetween the primitive cavity modes
and the sphere plasmon modeg61]. Breaking the symmetry of the structure wiltroduce
the hybridization between all multipolar indicesdaiorm low-energy bonding hybridized
modes and high-energy antibonding hybridized m¢dgs115]. Only the bonding modes are
considered because they are usually visualizedhéystrface plasmon resonant peak of the
nanoshell whereas, the antibonding mode has a sdiadle moment and cannot be
visualized in the spectrum. Figure 2.6(b) showshileridization of the combined structure
i.e., NC-MNS. Here the hybridized plasmon modethefnon-concentric shell and gold core
mixed and produce low-energy bonding and high-gnargibonding plasmon modes. Figure
2.7 shows the scattering spectra of NC-MNS by tiffsgethe silica layer 11% from its centre
(middle panel). We observed a slight red-shiftraf subradiant bonding modes comparing to
the core offset (bottom panel) because of the ggoimteractions between the core and non-
concentric nanoshell. Figure 2.5(b) shows the gégmef a non-concentric MNS by
displacing the outer silver shell from its centéere the shape of the shell is changed but the
total volume would remain the same. The plasmonritligation will occur between the
hybridized plasmon modes of the non-concentric shelb and core modes, which will
schism the plasmon into low-energy bonding mode laigti-energy antibonding mode as
discussed before. Figure 2.7 shows the scattepgagti of NC-MNS by offsetting the outer
silver shell (top panel). Here, we observed a weegk subradiant quadrupole mode near 735
nm, which shows that this setup is not good endagiroduce hybridized multipolar modes.
So in all the three scenarios of symmetry breaking,encourage the first case where we
offset the inner core on an otherwise fixed geoynle#rcause it provides a more clear picture
of the modes coupling and also it is suitable fe generation of higher order hybridized
modes.

,,,,Asmca

(a) (b)

Figure 2. 5. Geometries of (a) NC-MNS with siliegér offset s;ic.a (b) NC-MNS with outer metal shell offset

Shelt
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Breaking the symmetry of MNS cause three thingy; rdd-shifting of the dark
hybridized modes and Fano resonances (2) suppneskibe dipole mode and (3) generation
of higher order Fano resonances [24, 27].

(a) (b)

Figure 2. 6. The energy level diagram for plasmgbrigdization of (a) Single non-concentric core-$hel
nanoparticle; (b) NC-MNS. N (N') = 2, 4 ... represedipole, quadrupole and higher order multipolade®
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Figure 2. 7. Scattering spectra of NC-MNS. Blues Ishows NC-MNS with core offset, red line shows NC-
MNS with silica layer offset and green line showS-NINS with outer shell offset.

2.2.2.2. Effect of polarization

We compare the scattering spectra of MNS with 11 cure offset for two different
polarizations as shown in figure 2.8. The blue loogresponds to transverse polarization,
where the incident field is polarized perpendicwiéth respect to the core offset and the red
line corresponds to axial polarization, where theident field is polarized parallel with

respect to the core offset as shown in the inségofe 2.8. Thq w >(1), ‘W‘ >(2) and‘W_‘ >(3)

modes are discovered for both the polarizations¢hvehows the near isotropic response of
MNS. The scattering spectrum for the axially paed light shows a red-shift of few

18



nanometers and aI#W_‘ >(1) mode suppresses al‘m{' >(2) mode enhances, which illustrates a

stronger interaction between modes of differeneard
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Figure 2. 8. Scattering spectra of the NC-MNS wlithnm core offset. Blue line, incident light isnsaersely
polarized with respect to the offset; red linejdent light is axially polarized along the offset.

2.2.3. Near field optical properties

We also investigated the electromagnetic near fiplical properties of the gold-silica-
silver MNS. We observed that offsetting the coejses major changes in the intensity of the
near field enhancement of the MNS. When light thiess MNS structure, then part of energy
diffuses into the outer metal shell and move towdh# inner metal core from which reflects
back and gets trapped inside the silica layer. &brresonances, the maximum field
enhancement happens inside the silica layer insie#lte outside the metal shell like in the
conventional single layer nanoshell, where the maxn field enhancement occurs outside
the nanoshell [25, 27]. Figure 2.9 shows the nesdd distributions and the corresponding
enhancement values at each scattering peak forthettoncentric and non-concentric cases.
For the non-concentric MNS, the maximum value eféhhancement is found at the thinnest
part of the nanoparticle. The blue line correspotmlghe concentric MNS, where the

maximum value of the field enhancement ’fm{' >(1) mode is observed to be 55. For a 4 nm
core offset, the maximum value of the field enhameet for‘w‘>(l) mode increases to 59

and for‘ w >(2) mode the value is observed to be 14 (red line)fuByer offsetting the core

(11 nm), the enhancement value for ‘me>(l) mode further increases (84) and fw‘ >(2)

mode, the enhancement value boosts up (61). Sdigher order hybridized modes will
increase the value of the near field enhancemearguse of the stronger interactions between
the modes at the thinner layer. Thus, the MNS namctsire provides the maximum values of
the near field enhancement at various regionsansgfectrum, which is an essential attribute
of SERS [38, 116].

The similar results can be obtained by selectinigl-gibica-gold, silver-silica-gold and
silver-silica-silver MNS.
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Figure 2. 9. Electromagnetic near field distribncat each scattering peak with various core affdétie line
y =0, red line y = 4 nm and green liney = 11 nm. The wavelength of the scattering peaks the
enhancement values are also shown.
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Figure 2. 10. Scattering cross section of a gdldasgold MNS.

2.2.4. Fano resonance in symmetric MNS

By careful arrangement of different layers in MN& can have a Fano resonance in the
concentric case as well. Figure 2.10 demonstrdtesstattering spectra of a 30/45/70 nm
gold-silica-gold MNS, where we obtained a strongid-aesonance in the concentric case.

The broad peak near 550 nm correspond‘wfc)(l) mode and the narrow peak which arises
in the vicinity of broad resonance (690 nm) coroes}s to‘w‘>(l) mode. The near field

coupling between the two modes induces a dipoletdig-ano resonance (DDF) in the
spectrum near 655 nm. The higher order modes willlisent in the concentric case and they
will not interact with the dipole mode because they orthogonal [24].
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2.2.4.1. Geometrical tunability of symmetric MNS

The DDF can be tuned in the spectrum by changing pharameters of MNS
nanostructure. Figure 2.11 shows the scatteringtisspef MNS by varying the radius of the
inner gold core (B and fixing R =45 nm and R= 70 nm. When Ris small, the thickness
of the middle silica layer increases, due to whioh plasmon interactions between the gold

core and shell decreases as a result of which waenald a blue-shift OrW_' >(1) mode in the
spectrum. By increasing;Rthe thickness of silica layer decreases, whidh increase the
plasmon interactions between the gold core andl.shigle increase in the plasmon

interactions will red-shifi‘l/t/_'>(1) mode. For R 35 nm, both thém/_*>m and‘W_‘>(1) modes

are far away from each other, they couple diretlyhe incident light and we observed no

Fano resonance. For all the values of tRe ‘W_+>(l) mode maintains its spectral position,

while its peak amplitude increases with increastag
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Figure 2. 11. Scattering spectra of MNS for différealues of Rat fixed R = 45 nm and R= 70 nm.

Next we fix the value of R= 30 nm and R= 70 nm and vary R Figure 2.12 shows the
scattering spectra of MNS with different valuesRaf Small values of Rwill lead to the
increase in the outer shell thickness and increaee plasmon interactions between the gold

core and shell due to which we observed a red-slﬁi"’l/t/_' >(1) mode in the spectrum. The
increasing of R leads to the decrease in the outer gold shelkiieiss and decrease in the
plasmon interactions between the gold core andl.shiéis decrease in the plasmon

interaction will blue-shift the‘W_'>(l) mode, which will enhance the coupling between

symmetric and antisymmetric modes and a sharp DBEsain the spectrum for,R 45 nm.

By further increasing the value ofz,FIhe‘W_'>(l) mode shows a red-shift due to which the

coupling between the modes becomes weak and Faooaece disappear again.
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Figure 2. 12. Scattering spectra of MNS for différealues of Rat fixed R = 30 nm and R= 70 nm.
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Figure 2. 13. Scattering spectra of MNS for différealues of Rat fixed R = 30 nm and R= 45 nm.

In the last, we fix the value of;R= 30 nm and R= 45 nm and vary R Figure 2.13
shows the scattering spectra of MNS with differemiues of B. When R is small enough
then we observed a strong red-shift in the spectb@rause of the stronger interactions

between the inner core and the outer shell. Boaﬂ mﬁ>(l) and‘W_'>(l) modes are far away

from each other and couple directly to the incidigeld and Fano resonance is absent. By

keep increasing the value og,Rve observed a large blue-shift )cvf/_'>(1) mode. When R

reaches to 60 nm, the coupling betwefaﬁ>(l) and ‘W_'>(l) modes are established due to

which the DDF starts to appear in the spectrumhWitther increase of thezR/alue, the
modulation depth of the DDF decreases and alscdiiifeed.

Figure 2.14 shows the spectral shift of the symimetnd asymmetric resonances with
respect to the radii of different layers in MNS asimucture. For all the values of the radii,
the symmetric resonance almost sustains its sp@ctséion while the asymmetric resonance
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shows a strong shifting. It has also been obsethatithe asymmetric resonance shows a
large shift by varying B compared to Rand R.

25 2.5
24 2 -
= )
315 OER
& & |
o1 —— Asymmetric peak g 1- —— Asymmetric peak
u os | -8 Symmetric peak W 05 - ~&-Symmetric peak
0
0
o 0 4 e 0 20 40 60 80
R, (nm) R;(nm)
25 — ()
2
Y
215
3 .
g 1 —— Asymmetric peak
= 0.5 - -8~ Symmetric peak
0 !
0 50 100

R;(nm)

Figure 2. 14. The spectral shifting of the subratiand superradiant modes with different (a)IB) R, and (c)
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Figure 2. 15. Scattering spectra of gold-silicddddC-MNS as a function of core offsey. y = 0 (blue line),
y =12 nm (red line) andy = 14 nm (green line).

2.2.4.2. Symmetry breaking in gold-silica-gold MNS

We introduced a symmetry breaking conception in MiSdisplacing the inner gold
core with respect to the shell. Figure 2.15 shadues dcattering spectra of gold-silica-gold
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MNS with various core offsets. The blue line cop@sds to the concentric MNS where we

obtained a strong DDF. For a 12 nm core offset (neg), ‘W'>(2) mode appears, which

couple IO‘W_+>(1) mode and crop up DQF near 600 nm. The DDF red-$totm 655 nm to

around 740 nm and the amplitude‘ﬂf% mode decreases. By further displacing the inner

core (14 nm),‘wj>(3) mode appears, which couples‘w+>(l) mode and induces DOF near
605 nm. The DDF and DQF are also red-shifted. TthesFano resonances can be tuned as a

function of the core offset.
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Figure 2. 16. Scattering spectra of MNS-NG. Indwives surface charge distributions correspondingatch
peak.

Next we moved away both the inner metallic core aitida layer simultaneously to
make a nanoegg. In this nanostructure, the symnudtthe nanoshell is also broken. We
named this nanostructure BEBNS nanoegdMNS-NG). Figure 2.16 illustrates the scattering
spectra of MNS-NG, where we obtained five scattepeaks in the spectrum. In order to
better understand the higher order modes in MNS+N@ostructure, we calculated the
surface charge distributions on the metal-dielechoundaries using Gauss law. So, the
surface charge density will be equal to the difieeebetween the normal components of the
electric field on the different sides of the medaiectric boundary [57].

s =g (g -E) (2.1)

We applied the above expression and calculateutface charge distributions for each
scattering peak observed in MNS-NG nanostructurghagvn in the inset of figure 2.16. The
surface charges near 1071 nm shows a subradiaviedippde because both the inner core
and outer shell exhibit a dipolar pattern. The acef charges near 790 nm presents a
guadrupole-quadrupole mode because both the imnerand outer shell reveal a quadrupolar
pattern. The surface charges near 667 nm showsxtrmniof octupole modes while the
surface charge distribution near 600 nm shows argpale pattern on the outer layer and
hexadecapolar distribution on the inner core, ss #light peak is a combination of
guadrupole-hexadecapole mode. Thus, multicomponefiset in MNS provide distinct
higher order modes and Fano resonances.
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Figure 2. 17. Geometric sketch of silica-gold-sitigold nanoshells, whera/R,/R:/R, represents the represents
its dimensions.
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Figure 2. 18. Scattering cross section of a comimeDNS nanostructure.
2.3. Double nanoshells

We next construct double nanoshells (DNS) by insgra dielectric sphere of 18 nm
radius inside the inner metallic sphere of golétatgold MNS. So in this way, we obtained
bi-dielectric, bi-metallic nanostructure having @insions R=18/ R=30/ R=45/ R=70 nm
as shown in figure 2.17. As discussed before thatisingle nanoshell, the plasmon
hybridization will occur between the sphere andityaplasmon modes, which will split the

plasmon into lower energy bonding mob&f} (symmetric) and high energy antibonding

mode |w;) (antisymmetric). Thew,) mode has a very weak dipole moment because the

cavity plasmons are oppositely aligned to the sphptasmons due to which the
corresponding resonant peak is too weak to be wbden the optical spectrum. For this

reason, the plasmon hybridization in DNS will oolgcur betwee¢W_> modes of the inner
and outer nanoshells forming high energy symmaeinidoonding modt#w_*> and low energy

antisymmetric bonding moqen/_'> [22, 92].

Figure 2.18 demonstrates the scattering spectraon€entric DNS obtained by the
interaction of the dipole bonding modes of the manoshells. The high energy peak near
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564 nm is‘ W+> mode and the lower energy peak near 732 nﬁw_‘i# mode. The dip appear
near 700 nm representing DDF that originates frioenntear field coupling betweefzwf> and

‘W'> modes. This hybridization seems much similar toMINS nanostructure.

Figure 2.19 shows the tunability of DNS nanostreetoy changing Rand fixing R =
18 nm, R = 30 nm and R= 70 nm. Results show th{m{> mode does not change its

spectral location while its peak amplitude redusgsncreasing R On the other hanc#w_‘>

mode can be tuned from visible to near infraredioregby varying R. The DNS
nanostructure is found be provide slightly betteratility of the resonant modes compared to
MNS nanostructure due to which, it can be a betteice for biomedical applications [22].
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Figure 2. 19. Scattering spectra of DNS with défervalues of Rat fixed R = 18 nm, R=30 nm and R= 70
nm.

Figure 2. 20. Geometry of NC-DNS with inner nandisbifiset .

2.3.1. Symmetry breaking in DNS

Next we break the symmetry of the DNS nanostrudbyrenoving the inner nanoshell in
the y-direction due to which the higher order hybridizetbdes come into view. The
geometry of the non-concentric DNS (NC-DNS) is preed in figure 2.20.
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Figure 2.21 shows the scattering spectra of conceDNS and NC-DNS with various

inner shell offsets. For the concentric DNS, weaot#d ‘I/l/_+>(l) and ‘W_'>(l) modes (blue

line). For NC-DNS, higher order hybridized modeseeges in the spectrum. By observing
the surface charges shown in the inset for 14 nmarinanoshell offset, it becomes clear that
the resonant peak near 872 nm is subradiant dipolde. The surface charge distributions
near 692 nm shows a dipole distribution on the ongnoshell and quadrupole distribution

on the inner nanoshell, so this clearly demongratemixed dipole-quadrupole mode.

Similarly, the surface charges near 612 nm (smedlkp showing the mixing of dipole and

octupole modes corresponding to dipole-octupoleen&b the NC-DNS exhibit the similar

higher order hybridized modes and Fano resonanaethe NC-MNS nanostructure.
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Figure 2. 21. Scattering spectra of NC-DNS withaas inner nanoshell offsets. Blue ling = 0, red line y =
13 nm and green liney = 14 nm. Insets shows surface charge distribatfon y = 14 nm.
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Figure 2. 22. Geometric sketches of (a) NC-INSNB)}SRINS and (c) DNS-NG nanostructures.

We next introduced three other types of symmeteaking in DNS nanostructure. The
first one is to displace the inner silica coreld tnner nanoshell 11 nm on an otherwise fixed
geometry, the second one is to offset the symmatoken inner nanoshell 14 nm on an
otherwise fixed geometry and the third one is tfseaif both the symmetry reduced inner
nanoshell (37 nm) and the silica layer of the ountmmoshell (23 nm) simultaneously, which
adopts the shape of a nanoegg. All geometriesl dh@alnanostructures are shown in figure
2.22. We named the first nanostructureDa¢S with non-concentric inner nanosh@NC-
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INS), the second one &NS with non-concentric symmetry reduced inner shath (NC-
SRINS) and the third one &NS nanoeggDNS-NG).
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Figure 2. 23. (a) Scattering cross sections. Bheedorresponds to NC-INS, red line corresponds@SRINS
and green line corresponds to DNS-NG nanostructusets show surface charge distributions for NG-IN
(bottom panel), NC-SRINS (middle panel) and DNS-{i& panel) nanostructures. (b) Closer view of atef
charges corresponding to DNS-NG and NC-SRINS namndsies.

The scattering spectra of NC-INS, NC-SRINS and [NNS- nanostructures are
presented in figure 2.23. For NC-INS nanostructue obtained only subradiant dipole and
guadrupole modes, which are demonstrated by tHacgucharge distributions in the lower
panel. By observing the surface charge distribgtioihNC-SRINS nanostructure given in the
middle panel, the resonant peak near 794 nm shoewsixed dipole-quadrupole character of
the dipole-quadrupole mode. The peak near 675 ntheignixture of dipole and octupole
modes, while the peak near 610 nm shows a dipsleitalitions on the outer nanoshell and
hexadecapolar distributions on the inner nanosteglicting dipole-hexadecapolar mode. The
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lower order subradiant dipole mode remains absettie NC-SRINS nanostructure. For the
DNS-NG nanostructure, the higher order modes uslh &e appeared on the outer nanoshell
because the symmetry of the outer nanoshell is bleken (similar like MNS-NG).
Therefore, by examining the surface charge didtiobg near 872 nm, a quadrupole pattern
emerges on both the outer and inner nanoshells;hwi@present a quadrupole-quadrupole
mode. The surface charges near 718 nm shows a atidni of octupole modes. The surface
charges near 636 nm exhibit quadrupole distributiorthe outer nanoshell and an octupole
distribution on the inner nanoshell, which cleaowh the mixed quadrupole-octupole
character of the quadrupole-octupole mode. FiguB3(B) shows the closer view of the
surface charges corresponding to DNS-NG and NC-SRiMnostructures. For all the
considered cases, the superradiant bright modeusained its spectral position. Symmetry
breaking conception has never been reported in DBEISstructure before. Breaking the
symmetry of DNS nanostructure provide a set of uai§ano resonances, which could find
applications in plasmon line shaping, multi-wavei#gnSERS and biosensing [31, 54].

2.4. Comparison of MNS and DNS nanostructures

We compared the near and far field properties ¢t ilee MNS and DNS by taking both
the nanostructures with equal volumes. Figure 2@dkows the scattering spectra of both
the nanostructures for a concentric case. A conigahamuch stronger Fano resonance with
large modulation depth has been observed in MN®staeucture. Figure 2.24(b) shows the
scattering spectra of both the nanostructures dor-aoncentric cases, i.e., the inner metal
core in MNS has been offset 47% from its center anl a similar offset value, the inner
nanoshell in DNS has been moved. The figure depinets both the nanostructures exhibit
higher order Fano resonances, however the modualdgpth of the Fano resonances in case
of NC-MNS is observed to be stronger. For instatioe,octupole Fano resonance in case of
NC-DNS is found to be much weaker compared to NCaW\nostructure. Figure 2.24(c)
shows the scattering spectra of MNS and DNS namdsites with nanoegg like shapes,
where the symmetry of both the nanostructures eskeln with the same degree of offset.
The MNS-NG exhibit five scattering peaks in the cdpem compared to DNS-NG
nanostructure. Thus, the MNS, NC-MNS and MNS-NGas#ictures have the potential in
the generation of higher order Fano resonanceslargie modulation depths.

Figure 2.25 shows the near field enhancement bigtans of NC-DNS, NC-MNS,
DNS-NG and MNS-NG nanostructures, which are catedlaat each scattering peak. In
figure 2.25(a), the NC-DNS field enhancement hanlmlculated for each subradiant mode.
It has been observed that the maximum enhancencent o the thinnest region i.e., in the
dielectric layer of the outer nanoshell. The maxamfield enhancement value is examined
for the subradiant quadrupole mode which is arodd@. Figure 2.25(b) shows field
enhancement distributions of NC-MNS nanostructtiere the maximum value of the field
enhancement was obtained for subradiant quadrupolge which is around 257. Figure
2.25(c) shows the field enhancement distributioms DNS-NG nanostructure. Here the
maximum value of the enhancement was found to Bef@4a subradiant octupole-octupole
mode. Figure 2.25(d) shows the field enhancemesttiloluitions for MNC-NG nanostructure,
where the maximum value of the enhancement wa®vhsed to be 252 for a subradiant
octupole-octupole mode. In all the figures of tleamfield enhancement, the higher energy
hybridized modes increase the larger near fieldaroément. From field enhancement
calculations, it has been established that NC-MN& MINS-NG nanostructures show strong
near field enhancements in several regions compdeedNC-DNS and DNS-NG
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nanostructures, which may provide effective appilices in surface enhanced spectroscopy
and localized surface plasmon resonance biosensor.
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Figure 2. 24. Scattering spectra (a) DNS and MN$ostiuctures. (b) NC-DNS and NC-MNS nanostructures.
(c) DNS-NG and MNS-NG nanostructures.
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2.5. Concluding remarks

To conclude, we started our study from a conceMiNS and presented new symmetry
breaking conceptions in the nanopatrticle by offisgttifferent layers on an otherwise fixed
geometry to achieve multiple Fano resonances. Bystadg the dimensions of MNS, we
obtained a DDF in the concentric hanoparticle ggomehich can be tuned by changing the
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core/shell aspect ratio. DNS nanostructure has lmsstructed by adding a dielectric
nanosphere inside the metallic core of MNS nanogira. It has been observed that the DNS
nanostructure provide a slightly better tunabilfy DDF compared to MNS nanostructure,
which could be useful for biomedical applicatiobstferent kinds of symmetry breaking in
DNS nanostructure have been introduced for thetfiree due to which a set of unique higher
order Fano resonances have been obtained. A caupadf both the MNS and DNS
nanostructures has been analyzed. The MNS nantst&us proved to be a better choice for
the generation of higher order tunable Fano resm®an
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Chapter 3

Higher Order Tunable Fano Resonances in Multilayer
Nanocones

3.1. Introduction

In this chapter, we present a computational studih@ plasmonic response of a gold-
silica-gold multi-layered nanostructure based amdated nanocones. Symmetry breaking is
introduced by rotating the nanostructure and bgaifing the layers. Nanocones with coaxial
multilayers show dipole-dipole Fano resonances vaionance frequencies depending on the
polarization of the incident light, which can beaadlged by rotating the nanostructure. By
breaking the axial symmetry, plasmonic modes ofirdis angular momenta are strongly
mixed, which provide a set of unique and highereortunable Fano resonances. The
plasmonic response of the multilayered nanoconesommpared to that of multishell
nanostructures with the same volume and the formerdiscovered to render visible high
order dark modes and to provide sharp tunable Fesmnances. In particular, higher order
tunable Fano resonances arising in non-coaxialilaygtr nanocones can vary the plasmon
lines at various spectral regions simultaneouslyiciv makes these nanostructures greatly
suitable for plasmon line shaping both in the estton and near field spectra.

We know from our previous knowledge that multilapa@anostructures display Fano-like
resonances in their optical spectra, which appean the coupling and interference of bright
and dark plasmon modes. The interactions betwebndized bright modes and dark modes
can be increased through the symmetry breaking,taluehich bright dipolar modes both
constructively and destructively interfere with thigher order dark multipolar modes, which
results in additional Fano resonances [27, 33, 118].

Here, we investigated the plasmon coupling in faylér nanostructures based on silica
and truncated gold nanocones. The unique featuneutti-layered conical nanostructures is
that a symmetry breaking in the coupling mechanisth the incident electromagnetic field
can be simply obtained by rotating them. This catr@oaccomplished in nanostructures with
spherical symmetries. We started our discussiom feosingle gold nanocone and moved
towards coaxial multilayered nanostructures. Faesomances are achieved at different
frequencies by rotating the nanostructure axis wébpect to the incident polarization.
Furthermore, the axial symmetry has been broketwm manners. First by offsetting the
inner gold cone with respect to the outer shethtike a non-coaxial multilayer nanostructure
and then by offsetting both the inner gold cone iadtlle silica cone to make a multilayered
nanoegg cone, which provide unique higher ordealilen Fano resonances. The extinction
spectra of all the nanostructures are proved tcstbengly dependent on the angle and
polarization of the incident light. Eventually, theptical response of the multilayered
nanocones is compared to the concentric and noceoctrnc multilayered nanospheres and
the former nanostructures are discovered to provwidgder order dark modes and sharp
tunable Fano resonances than the latter nanostesctburthermore, we studied the optical
characterization of the nanostructure by extradiiregscattering parameters.

The incident light was a time harmonic linearly grated plane wave. We used a
Cartesian reference systemy(z) with thex-axis parallel to the electric field of the inciden
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wave and the-axis parallel to its propagation direction. We lsgimad the optical properties
of the nanoparticles by rotating its axis arounely#axis of an angle, from =0 to 90,
Figure 3.1. For = 0, the incident light propagates along the nanosirecaxis and its
electric field is directed transversally, insteat f = 90, the incident light propagates
transversally to the nanostructure and its eledteld is directed longitudinally. We also
observed that the optical properties of the propasmostructures were not very sensitive to
the precise value of the semi-anglef the conical shape, we chose 27.

Particle axis

Figure 3. 1. Sketch of the nanostructure. The ewidield is linearly polarized along thedirection and
propagates along thedirection. The nanoparticle axis is rotated arothmed/-axis of an angle from 0 to 90.

3.2. Optical properties of a multi-layered nanocone

In order to better understand the optical properté a multi-layer gold-silica-gold
nanocone, it is appropriate to first study a go&whactone and then a silica-gold conical
nanoshell. The optical response of the multi-layemocone is analyzed by using the plasmon
hybridization theory [61].
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Figure 3. 2. (a) Gold nanocone with-R5 nm, H=95 nm. (b) Extinction spectra at different anglesnset
shows the surface charge distributions relevarthéotransverse (at 605 nm) and axial (at 556 nipdldr
modes.
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3.2.1. Gold nanocone (NC)

We consider the truncated gold nanocone (NC) shavigure 3.2(a). Its radius;Rand

its height H are 85 nm and 95 nm, respectively. The extincsipectrum is slightly affected
by rotating its axis around theaxis, as shown in figure 3.2(b). The resonanc& p¢a = 0
(blue line) is relevant to the transverse dipolavdm as it is corroborated by the charge
distribution on the gold surface at 605 nm showithminset of Figure 3.2(b). By increasing

, the peak amplitude of the transverse dipolar meeakens, shifts towards the blue and an
axial dipolar mode appears. At= 90 (purple line), the dipolar mode is purely axial,iGis
confirmed by the surface charge distribution at B&6shown in the insets of Figure 3.2(b).
These extinction spectra are typical of gold nantogdas with cylindrical symmetries.

3.2.2. Silica-gold conical nanoshell (CNS)

We consider now a conical nanoshell (CNS) compadeal conical silica core, with a
relative dielectric constant of 2.04, and a coagiald conical shell surrounding the silica
cone, Figure 3.3(a). The dimensions age8% nm, H=95 nm /R=60 nm, H=70 nm. This
nanostructure is obtained by replacing the innet plathe truncated gold nanocone with a
truncated silica cone.
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Figure 3. 3. (a) Silica-gold conical nanoshell WwRk=85 nm, H=95 nm /R=60 nm, H=70nm. (b) Extinction
spectra at different values of the angldnset shows the surface charge distributionsvagieto the transverse
(at 694 nm) and axial (at 581 nm) dipolar modes.

We first discuss the optical properties of the CiiS = 0. They can be understood by
using the plasmon hybridization theory [61]. Frohe tdiscussion of a single nanoshell
structure in chapter 2, we know that, the plasmsdillations of the CNS arise from the
interaction of the plasmon oscillations supportgdthiee solid gold nanocone and the silica
cavity in a gold environment. The interaction oschetween the transverse dipolar mode of

36



the gold nanocone and that of the silica cavityicisplits the transverse dipolar mode into
the higher-energy antibonding modie, ) and the lowergy bonding modéw ) . The

antibonding mode arises from the antisymmetric Gogpbetween the cone and cavity
dipolar modes, which is characterized by a smaltteic dipole moment. For this reason, the
antibonding mode does not appear in the extincsipectrum. Instead, the bonding mode,
which arises from the symmetric coupling betweea tione and cavity dipolar modes,
contributes significantly to the scattered field.

The extinction spectrum of the CNS is highly infiged by the rotation of its axis
around they-axis, as shown in Figure 3.3(b). For inclined desit wave ( 0), both the
transverse and the longitudinal bonding modes awtesl. At = 0 (blue line), the
hybridization phenomenon of the primitive dipolaodes is stronger than at= 90 (purple
line). The charge distributions on the outer swegfat the gold shell and at the gold-silica
interface, relevant to the transverse (at 694 nmp) and axial (at 581 nm, = 90) bonding
modes are shown in the inset of figure 3.3(b). Téweythe typical distributions of the dipolar
charge configurations.

3.2.3. Multi-layered nanocone (MNC)

We here consider a truncated multilayer nanocon@Mcomposed of an inner gold
cone, a middle silica layer and an outer gold slkslishown in figure 3.4(a) (side view) and
3.4(b) (top view). This nanostructure is obtaingdréplacing the inner part of a silica-gold
conical nanoshell with a coaxial gold nanocone. atidition of the inner gold nanocone will
provide an extra degree of tunability as in spladriaultilayer nanoshells [27, 28, 98, 99].
The dimensions of the nanostructure ayed nm, H=95 nm /R=60 nm, H=70 nm /R=40
nm, H=50 nm.

(b)
Figure 3. 4. Side (a) and top (b) views of the ggilda-gold multilayer nanocone.

To interpret the optical response of the MNC, weaiagemploy the plasmon
hybridization theory, but at this time we applytat the inner gold nanocone and the outer
silica-gold conical nanoshells [24, 29, 98]. Fig®&® shows the extinction spectra of the
MNC for =0 (transverse polarization of the incident fieldxlirding the extinction spectra
of the inner gold nanocone and the outer silicatgobnical nanoshell. The extinction
spectrum of the inner gold cone is very similathat shown in Figure 3.2(b) for= 0, apart
a blue shift of some tens of nanometers. The higaitn will emerge between the dipole
mode|w,) of the inner gold cone, which has a resonahceughly 560 nm, and the dipole-

bonding moddw. ) of the outer conical nanoshell, whiak a resonance at roughly 694 nm.
The mode/w;,) interacts with the mofle )  and give atisesdifferent resonant peaks in
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the extinction spectrum as in spherical multilaganoshells [27, 29, 114]. The high-energy
peak near 600 nm is relevant to a broad antibongplagmon mod43w_*>(l) that arises from the

symmetric coupling between the modes) and . Instibedlower-energy peak near
811 nm is relevant to a narrow bonding plasmon m|cwj§(l) that originates from the

antisymmetric coupling between the modies land STinface charge distributions in

correspondence of the two peaks and the dip iregtimction spectrum are shown in the
insets of Figure 3.5. They are of dipolar type. Tharges are induced on three surfaces: the
air-gold shell interfac&; (outer surface), the gold shell-silica shell ifdee S, (intermediate
interface) and the silica shell-gold cone interf&sdinner interface). At 600 nm, the dipole
momentp, of the charge distribution o& and the overall dipole momepf , of the charge
distributions onS, and$S; oscillate in phase (superradiant dipolar mode)eneas at 811 nm
they oscillate out of phase (subradiant dipolar @04t 719 nm, where a deep dip appears in
the extinction spectrum, the surface charge digiob is very similar to that corresponding
to the peak at 600 nm, but the intensitypf is much weaker.

[—NC |
—MNC
| ——CNS

o
4]

n

600 nm 811 nm

-
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Figure 3. 5. Plasmon mode hybridization in the itayler nanocone with £85 nm, H=95 nm / R=60 nm,
H,=70 nm /R=40 nm, H=50 nm. Bottom and top panel show, respectively,aktinction cross-sections of the
gold nanocone and the silica-gold conical nanoshelhile middle panel shows the extinction crossisa of
the combined structure. Inset shows the chargehdisbns corresponding to the peaks at 600 nm&iridnm,
as well as to the dip at 719 nm.

The coexistence of the broad dipolar mctnzb_é>(l) and the narrow dipolar mocje/_' >(1)'

which are resonant over the same range of wavdisngan result in a coupling between
them and, therefore, they can produce a dipolelelipano resonance. Figure 3.6 shows the
extinction spectra of the MNC with different values the core-shell aspect ratio. Here
(H1,R1) and (H,R3) are fixed at (85 nm,95 nm) and (40 nm,50 nm)peetvely, instead, the
values of H and R are increased in such a way to leave unchangedeaime-angle . The
increasing of Rleads to the increase of the separation betweemtier gold core and outer

gold shell and the decrease of the outer gold shilkness. The intensity of th‘ew_*>(1)

dipole peak decreases significantly as the raditiseosilica Rincreases, while its position is
practically unaffected. When the Ralue is small, with the increase of, Rhe ‘ w >(1) dipole

peak shows a blue shift, which will enhance theptiog between the*w_*>(1) and ‘W_‘ >(1)
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modes. They interact through the near field antiaapsdipole-dipole Fano resonance turns
up in the extinction spectrum, with a Fano dip ab@19 nm for R= 60 nm [24, 29, 55].

When the Rvalue is large enough, by increasing further thedtue, the( w >(1) dipole peak

shows a red shift and the coupling becomes wealerthe distance is sufficiently high the

‘W_‘>(1) dipole mode does not couple with ttw_*>(1) dipole mode and, hence, the dipole

dipole Fano resonance vanishes. Thus, by contgothie dimensions of the MNC, we can
have a pronounced Fano resonance for the coaxdalamwell. Higher order dark modes do
not appear for = 0.
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Figure 3. 6. Extinction spectra of the multilay@anncone for different values of {HR;) with R;=85 nm, H=95
nm /R=40 nm, H=50 nm.

Figure 3.7 shows the extinction spectra obtainedobgting the MNC axis around tlye
axis for different values of and the surface charge distributions for= 90 in
correspondence of the peaks and dips in the exim@pectrum. The peak at 807 nm
weakens but does not disappear at90 like in the simple CNS. The phase variation of the
incident wave produces a strong hybridization betwéhe axial and transverse dipolar
modes. The surface charge distribution correspanttirthe weakly dip at 758 nm shows a
similar hybridization even if in a more weak ford.new peak at 661 nm emerges in the
spectrum, which clearly shows the appearance airthdr axial dipolar mode, beside that
relevant to the peak at 566 nm. The dipolar mod&6&t nm is a superradiant longitudinal
mode, while that at 661 nm is a subradiant one.ifitegaction between them give arises to a
dipole-dipole Fano dip at 638 nm. The charge diatron relevant to this dip is very similar
to that of the superradiant mode as for 0. The considered MNC shows two dipole-dipole
Fano resonances, one at 638 nm and the other atrb&hich can be switched on and off
by rotating the nanostructure or by changing thianmation of the incident field. To our
knowledge, this hybridization has never been seea symmetric multilayered plasmonic
nanostructures reported before.
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Figure 3. 7. Extinction spectra of the multilayemoncone with R=85 nm, H=95 nm / R=60 nm, H=70 nm
IRs=40 nm, H=50 nm for different values of the rotation anglénset shows the surface charge distributions at
five values of the wavelength for= 90.

Figure 3.8 shows the tunability of MNC at= 90 for different values of RH, with
fixed Ri=85 nm, H=95 nm /R=40 nm, H=50 nm. At small values of Rthe first subradiant
dipole mode (B) was absent and no Fano resonance was obserttesl éxtinction spectrum
(blue line). By increasing the value o$,MD; started to appear and a significant blue-shift of
second subradiant dipole mode, s examined. By keep increasing the value gf B
strengthen and slightly blue-shifted. At largerueabf R (brown line), the amplitude of D
intensifies, broadened and red-shift, while Decreases again. So, by changing the
parameters of MNC, we can tuned both the dipol@ldifano resonances.
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Figure 3. 8. Extinction spectra of the multilay@nocone at = 90 for different values of (i R,) with R;=85
nm, H;=95 nm /R=40 nm, H=50 nm.

3.2.4. Non-coaxial MNC (NC-MNC)

We consider now a MNC in which the inner gold comeffset with respect to the shell
nanostructure. We named this nanostructurem-coaxial MNC(NC-MNC). In it, modes
with different orders and having distinctive angul@omenta will mix due to the symmetry
breaking introduced by the offset [24, 27, 91, 98Je analyze the consequences of this
symmetry breaking by distinguishing between the2gasvhich the inner gold cone is offset
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along the direction of the incident E-field orstoffset along the orthogonal direction, Figure
3.9.

; Ax ;
(a) (b)

Figure 3. 9. Geometry of a NC-MNC with core offsgt orthogonally to the incident E-field (a). Geonyedf a
MNEC with two components offsetx, parallel to the incident E-field (b).
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Figure 3. 10. Extinction spectra of a MNC#85 nm, H=95 nm / B=60 nm, H=70 nm /R=40 nm, H=50

nm) with core offset orthogonally to the incidenfi&ld. Blue line corresponds to the coaxial MNQqile the

red and green lines correspond to NC-MNC with 1@ A& nm core offsets, respectively. The inset shihes
surface charge distributions associated with thgoldidipole, dipole-quadrupole and dipole-octupbkno

resonances for the 18 nm core offset.

In Figure 3.10, we show the extinction spectra §@MNC in which the inner gold
cone is offset orthogonally to the incident E-fiefdr two values of the offset and= 0.
They are compared with the extinction spectrumhef ¢torresponding coaxial MNC (blue

curve). For a 12 nm core offset (red curve), a dgwkdrupolar pea*m >(2) with added

dipolar components emerges in the spectrum, whmiples to the‘l/l/_+>(1) mode and

engenders a dipole-quadrupole Fano resonance witlmiamum near 625 nm. By offsetting
the gold cone slightly more (18 nm), besides tredfaift of the Fano resonances, a dark

octupolar pea@w_‘>(3) emerges, which couples to ttw_*>(1) mode and churn out a dipole-

octupole Fano resonance with a dip near 646 nnefjgcerve). We also note that the modes

41



‘W_‘ ><1) and ‘W_‘ >(2) are red-shifted and their peak amplitudes reduitk the core offset,

whereas thd;w_*>(1) mode is faintly blue-shifted, because it is a higlergy mode and has an
extremely feeble interaction with the gold coneotiyp mode [99]. The surface charge
distributions corresponding to the dipole, quadtepand octupole Fano resonances with
added dipolar components are shown in the inskgufe 3.10 for the 18 nm core offset. For
the dipole-quadrupole Fano resonance, the chargdsecsshell exhibit a dipolar arrangement,
while that on the surface of the inner core exhd#itquadrupolar arrangement, which
evidently reveals the mixing of dipole and quaditepmodes. Likewise, for the dipole-
octupole Fano resonance, the surface charge distmibexhibits the mixing of dipole and
octupole modes.
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Figure 3. 11. Extinction spectra of the NC-MNC£B5 nm, H=95 nm / R=60 nm, B=70 nm /R=40 nm,
Hs=50 nm) with core offset of 18 nm orthogonally tetincident E-field, for different values of thetation
angle of the nanostructure axis aroundytais.
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Figure 3. 12. Extinction spectra of a MNC#85 nm, H=95 nm / B=60 nm, H=70 nm /R=40 nm, H=50
nm) with core offset parallel to the incident EldieBlue line corresponds to the coaxial MNC, whihe red
and green lines correspond to NC-MNC with 12 and nt8 core offsets. Inset shows surface charge
distributions of the plasmon modes relevant to peéakhe extinction spectrum for the 18 nm coraetif
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Figure 3.11 shows the extinction spectra of the MIC with 18 nm core offset
obtained by rotating the nanoparticle axis aroumglytaxis. At = 90, the higher order

modes weaken and start to disappear in the spediuirstill the‘ w >(1) and ‘ w >(2) modes

are present somewhat. The peak positions relemrﬂna‘m{ >(1) and ‘W_‘ >(2) modes are

almost independent of the angleA slightly new peak appears at the low energglleear

1034 nm, which also represents a bonqing>(l) mode. At = 90, we obtained almost no

Fano resonance in the spectrum.
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Figure 3. 13. Extinction spectra of the NC-MNC#B5 nm, H=95 nm / R=60 nm, B=70 nm /R=40 nm,
H3=50 nm) with core offset 018 nm parallel to the incidénfield, for different values of the rotation degf
the nanostructure axis around thexis.

Figure 3.12 shows the extinction spectra of a NCa@ViN which the inner gold cone is
offset parallel to the direction of the incidenfigld, for the two values of the offset (12 and
18 nanometers), together with the charge distomgtifor the 18 nm core offset. Here we
obtain one more peak in the extinction spectrabimth the offset values. For 12 nm core
offset (red line), we obtained four extinction pgak the spectrum. The peak near 698 nm
also represents a subradiant dipole mode whilpd¢ad near 647 nm represents a quadrupole
mode. For 18 nm core offset, both the dipole anddaqupole peaks red-shifts and a new
guadrupole peak is observed near 655 nm as showebsurface charge distributions. The

peak near 1034 nm is relevant to ‘Ime >(1) plasmon mode. The peak around 867 nm exhibit

a ring shaped dipolar pattern on the inner coneaahdlf ring shaped on the outer cone, it is

also relevant to M >(1) plasmon mode. The peaks near 718 nm and 655 nnelaxant to

the ‘W_‘ >(2) plasmon mode. Thus by offsetting the gold conalferto the incident E-field,

we can have twin dipole and quadrupole Fano resmsaat different frequencies both in the
visible and near infrared region. Figure 3.13 shohes extinction spectra of the NC-MNC
with 18 nm core offset parallel to the incidenti&d, obtained by rotating the nanopatrticle
axis around the y-axis. Again at 90, the higher order modes weaken and start to désapp

in the spectrum but still th)ew_‘ >(1) modes are present somewhat. The peak positiMc}fl)

modes are almost independent of the anglegain at = 90, we obtained almost no Fano
resonance in the spectrum.
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Figure 3. 14. Extinction spectra of a MNEC#85 nm, H=95 nm / R=60 nm, H=70 nm /I%:A:O nm, H=50
nm) with multi-component offsets orthogonal (a) guadallel (b) to the incident E-field, for= 0. Inset shows
the surface charge distributions (top view) relévarthe last four peaks.

3.2.4.1. Multi-component offset in MNC (MNEC)

We finally break the symmetry of the MNC with twdfsets, i.e., both the inner gold
cone and silica cone are moved with respect tather gold cone. In this way, we obtain a
shape that seen from the top it looks like a maysted nanoegg. We named this
nanostructure anultilayered nanoegg con@MNEC). Figure 3.14(a) shows the extinction
spectrum of the MNEC in which the silica shell leeen moved 18 nm and the inner gold
cone has been moved 36 nm in yhdirection (orthogonal to the incident E-field) for= 0.
Figure 3.14(b) shows the same configuration buh Wit offset in the-direction (parallel to
the incident E-field). Five peaks emerge in thanetion spectrum. Observing the surface
charge distribution corresponding to each peakhefextinction spectrum of figure 3.14(a),
we perceive that the resonant peak nearl095 nnsidbidiant dipole mode. The resonant
peak near 794 nm is a quadrupole-quadrupole madieasurface charges on both the shell
and inner cone exhibits a quadrupole pattern, wamtarently reveals the mixing. Since, the
symmetry of the CNS is also broken in this strugtsio higher order modes of the outer cone
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will also become visible. The peak around 711 nrtemi#y exhibits the mixed octupole-
guadrupole character of the octupole-quadrupoleeratt the peak around 673 nm is the
combination of octupole modes. Figure 3.14(b) shthesextinction spectrum of the MNEC
when the multi-component offset is parallel to Eréield. The peaks near 962 nm and 1230
nm represents dipole-dipole modes, while the pea&r w70 nm displays an octupole-
guadrupole pattern and the peak around 670 nmmsire of octupole modes. Therefore,
geometries with multi-component offset have fivestidict peaks and pronounced Fano
resonances in the extinction spectrum.

3.3. Comparison with multilayered spherical nanostucture

We conclusively compare the near and far fieldagbtproperties of the gold-silica-gold
MNC and NC-MNC with a concentric multilayered naplesre (MNS) and a non-concentric
MNS (NC-MNS), by taking all the nanostructures wiitle same volume.
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Figure 3. 15. Extinction cross-section. (a) MNC avitlS nanostructures. (b) NC-MNC and NC-MNS with

45% core offset orthogonally to the incident Ediglc) NC-MNC and NC-MNS with 45% core offset péhl
to the incident E-field.

By considering the far field properties first, wbserved a sharp dipole-dipole Fano
resonance in the extinction spectrum of the MNC garad to those observed in the MNS, as
shown in Figure 3.15(a). Figure 3.15(b) shows tttenetion spectra of the NC-MNC and the
NC-MNS with a 45% core offset orthogonally to theedtion of the incident E-field. As a
consequence of the symmetry breaking, additionabHR&sonances arise in the spectrum.
The modulation depths of the dipole, quadrupole @tdpole Fano resonances in the case of
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the NC-MNC are found to be larger and sharper coetpto those observed in the NC-MNS
nanostructure. Figure 3.15(c) shows the extincsipactra of both the structures with a 45%
core offset parallel to the direction of the incitd&-field. We obtained five peaks in case of
NC-MNC, which proves its strength in the generatminhigher order Fano resonances
compared to NC-MNS. The dominant scattering andm@®n cross sections of both the
MNC and NC-MNC may be considered as excellent acatds for the bio-imaging and
photo-thermal treatment applications [97].

Figure 3. 16. (a) Maximum near field enhancemenM®dfC and MNS nanostructures. Insets shows surface
charge distributions (top view) corresponding tohepeak in the MNC. (b) NC-MNC and NC-MNS with 45%
core offset orthogonally to the incident E-fielchel displayed small window corresponds to the dastoed
which shows the octupole Fano resonance. Insetgsstiarface charge distributions (top view) corresjiog to
each Fano dip (dot) in NC-MNC.

We eventually compare the Fano resonances in thefigdd optical properties of the
MNC and the NC-MNC with those observed in the MNfsl he NC-MNS nanostructures.
Figure 3.16(a) shows the maximum near field enhaeceé (MNFE) as a function of
wavelength of both the MNC and MNS nanostructulteis. seen that the peaks of near field
enhancement for both the MNC and MNS nanostructemegrge almost at the same

wavelengths as in the extinction spectra. The MNf@akie of the MNC‘W_'>(1) mode is

around 70, which is quite high than the MINB_ >(1) mode. Figure 3.16(b) shows the MNFE

of both the NC-MNC and NC-MNS for a 45% core offeghogonally to the direction of E-
field. It appears that the NC-MNC can provide tixeedlent enhancement values at various
regions in the spectrum compared to NC-MNS nanottre, which is an important attribute
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of SERS. The surface charge distributions corredipgnto each Fano dip are shown in the
inset. On the other hand, for the NC-MNS, the ookeipmode is missing in the MNFE

spectra. From the MNFE spectra it becomes clear i energy stored in the dark
hybridized modes is larger than those stored inbiight modes due to the weak radiation
losses [39]. Thus, based on the above findings,carcluded that MNC and NC-MNC

nanostructures exhibit sharp tunable Fano resosanith large modulation depths both in
the near and far field optical properties compa@dMNS and NC-MNS nanostructures,
which would be useful for multi-wavelength SERS &nalsensing [95, 119, 120].

3.4. Optical characterization of MNC

Finally, for optical characterization of MNC, wevestigated the scattering parameters
by making use of image theory to make periodic iesagf the nanostructure adjacent to unit
cell. Perfect electric conductor (PEC) boundariese ased perpendicular to E-field
polarization and perfect magnetic conductor (PM@)rimlaries are used perpendicular to H-
field polarization. We studied the effect of comgliof adjacent nanopatrticles in a periodic
lattice constant. The periodic arrangement of cotice MNC are shown in figure 3.17(a),
where & denotes the lattice constant. Due to lower phajsitoss section relative to lattice
constant area, we have higher transmission foel&tice constants and vice versa. For the
symmetric periodic nanostructures, the transmisspmttra reveals the dipolar modes, Figure
3.17(b). An overall red-shift in the spectrum dwe smaller lattice constant have been
observed. For instance the dipole mode (green¥inéts from 802 nm to around 820 nm. For
asymmetric periodic nanostructures, the transmmsspectra demonstrates the dipole,
guadrupole and octupole modes, Figure 3.17(c). verall red-shift of the modes have also
been monitored here by reducing the lattice constan

Figure 3. 17. (a) Periodic array of MNC. Transnossand reflection spectrum of: (a) concentric MNIf). NC-
MNC.
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3.5. Concluding remarks

In conclusion, we have investigated the generatifomigher order Fano resonances in a
multilayered gold-silica-gold nanostructure withnamal shape illuminated by a linearly
polarized light. For a coaxial multi-layered namosture a sharp dipole-dipole Fano
resonance is obtained by varying the relative dsiwers of the layers, whose resonance
frequencies can be changed by rotating the naratsteu Two types of breaking of the axial
symmetry have been introduced in the multilayeradostructure, first by offsetting the inner
core with respect to the outer shell to make a cmaxial multilayered nanostructure and then
by offsetting simultaneously the inner gold cond #me middle silica cone. In the first case,
the coupling between the superradiant dipolar anagliant higher multipolar modes results
in additional Fano resonances in the optical spettcompared to the coaxial multilayered
nanostructure. If the offset is parallel to theident E-field, we have twin dipole and
guadrupole Fano resonances at different frequermmés in the visible and near infrared
region. Multi-component offsetting in MNEC nanostiwres renders visible high order dark
modes and provides sharp tunable Fano resonancedlyFwe relate the near and far field
optical properties of MNC and NC-MNC with MNS andCNMNS nanostructures and
observed strong tunable higher order Fano resosancease of MNC and NC-MNC. The
maximum near field enhancement is also found tgreater in various regions in both the
MNC and NC-MNC nanostructures, which is an esskfgiature of SERS. To conclude,
MNC, NC-MNC and MNEC nanostructures are ideal fayducing pronounced tunable Fano
resonances and higher order dark hybridized mauéke visible and near infrared region,
which may be useful for plasmon sensing, electroratig induced transparency, lasing,
slowing light, switching and SERS applications.
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Chapter 4

Fano Nanostructures

4.1. Introduction

After the extensive study of spherical and congtalictures with multi-components, in
this chapter, we extended the similar conceptiooutac, elliptical and cylindrical structures
with multi-components and observed the same etiebigher order dark hybridized modes
and Fano resonances. These nanostructures havedesgned in such a manner that the
broad superradiant and narrow subradiant plasmatemoverlap in energy and result in a
strong Fano resonance in the optical spectrum.sithdar symmetry breaking scheme have
been introduced for the generation of multiple Faasonances. These metallodielectric
nanostructures with reduced symmetry also reveadsisiderably high local-field
enhancement. For all the considered nanostructthhespolarization of the incident field is
set alongc-axis and the wave propagation alanaxis.

4.2. Multilayered nanodice

This complex nanostructure contains an inner made¢, a middle dielectric layer and
the outer metal dice as shown in figure 4.1. Tmeedlisions of a gold-silica-gold multilayered
nanodice (MND) are 40/60/95 nm, where 40 nm issilze of the inner gold dice, 60 nm is
the size of the middle dielectric dice and 95 nithessize of the outer gold dice, respectively.
The edges and corners of the nanostructure havedmeothened to avoid unexpected peaks
in the spectrum.

Figure 4. 1. Geometry of (a) concentric MND andr{bip-concentric MND with offset corey.

4.2.1. Far field optical properties of MND

Figure 4.2 demonstrates the scattering spectraoid¢entric gold-silica-gold MND. In
consonance with the hybridization theory, for tieaaentric situation only those modes that
have the same “angular momentum” will interact [68]. Thus we dig up two different
resonant peaks in the spectrum. The high energk peaund 566 nm is the broad

superradiant antibonding plasmon quné>(1) of the dipole-dipole interaction between the

inner gold core and the shell and the lower engyggk around 708 nm is the narrow

subradiant bonding plasmon mo‘ddz >(1). Due to the near field coupling betwe‘e/rzi*>(l) and

‘W_‘>(1) modes of MND, a Fano resonance with a minimum raoé76 nm appears in the
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spectrum, which is named as dipole-dipole Fano nasce (DDF) [22, 27]. This
hybridization and modes coupling is convincinglgngar to multilayered nanoshell (MNS).
Gauss’s law was applied to the E-field near thenblany to account for both bound and free
surface charge densities. At 566 nm, the chargghiitons on the inner dice and outer layer

are the same, so this correspondm>(l) mode. At 708 nm, the charge distributions on the

inner dice and outer layer are opposite, which esponds to{w‘>(1) mode. The spectral

minimum at 676 nm corresponds to DDF.

Figure 4. 2. Scattering cross section of conceMiND. Inset shows surface charge distributionsesponding
to superradiant mode, subradiant mode and Fano dip.

Figure 4. 3. Scattering spectra of NC-MND nanodtme& y = 0 (blue line), y = 7 (red line) andy = 8
(green line). Insets shows surface charge distabstcorresponding to DDF and DQF for 8 nm offset.

4.2.1.1. Symmetry breaking in MND

Figure 4.3 shows the effect of symmetry breaking/D having dimensions 40/60/95
nm by offsetting the inner gold dice in ti¢airection from its center, due to which modes of
different orders will mix [91, 98]. The blue lin@responds to the concentric MND. For a 7

nm core offset, a dipole active quadrupolar m#)nzi_‘e>(2) emerges in the spectrum, which
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couples to‘m/_*>(l) mode and engenders a dipole-quadrupole Fano meser(®QF) with a

minimum around 610 nm (red line). The DDF alsoad-shifts with the core offset. If we
move the core slightly more to around 8 nm, the CDHE the DQF are red-shifted to around

800 nm and 635 nm. It is also to be noted heretl‘lﬁw >(1) mode is also red-shifted and its

peak amplitude decreases with the core offset, a\m#rn/_+>(l) mode is faintly blue-shifted.

This shows the similarity of non-concentric MND (MMIND) with non-concentric MNS
(NC-MNS). The surface charges corresponding to D& DQF for 8 nm core offset are
also shown in the inset of figure 4.3. For the D@Ig, surface charges on the shell exhibits a
dipolar pattern, while the core exhibits a quadtap@attern, showing the mixed dipolar-
qguadrupolar character of DQF.

4.2.1.2. Effect of polarization

Figure 4.4 shows the scattering spectra of NC-MND wifferent particle orientations
i.e., we displaced the inner gold core 8 nm frasncénter both perpendicular and parallel to
the incident field polarization. The blue line showhat the incident field is polarized
perpendicular to the axis of symmetry, while thd h@me shows that the incident field is
polarized parallel to the axis of symmetry. Differ@rientation of the nanoparticle produces

the saqu_' >(1) and‘W_' >(2) modes but does not show much similarity becausbeopeaks

amplitudes and spectral positions. Thus, the odptiesponse of MND is somewhat
polarization dependent in contrast to the MNS nanoture.

Figure 4. 4. Scattering spectra for NC-MND withfelient particle orientations. Blue line: incidefgctric field
is polarized perpendicular to axis of symmetry. Red: incident electric field is polarized paralte axis of
symmetry.

4.2.2. Near field properties of MND

The electromagnetic near field distributions of MN@r various core offsets is also
investigated. For all resonances, the maximum fielar enhancement was observed within
the silica layer like in MNS nanostructure. Figudes shows the maximum near field

enhancement dfw >(1) and‘ w >(2) modes, which turn out to be more localized aneinsious

with enhancing core offset [25, 27]. For instartbe, electromagnetic near field enhancement
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for ‘W_‘ >(1) mode (concentric case) is 29, which become 96 &itim core offset. Similarly,

the maximum value of the enhancement ‘fm>(2) mode is also booted up with the core

offset, which is an imperious attribute of SERS, [45]. So higher order hybridized modes
increases the value of the near field enhancenmeMND, which proves a similitude with
MNS.

Figure 4. 5. Electromagnetic near field distribncat each scattering peak with various core affdétie line
y =0, red line y = 7 nm and green liney = 8 nm. The wavelength of the scattering peaks te
enhancement values are also shown.

4.3. Multilayered nanoellipsoid

This complex nanostructure contains an inner nuetad, a middle dielectric layer and an
outer metal shell like MNS. Figure 4.6(a) shows gle@metry of a single three dimensional
ellipsoid. Figure 4.6(b) shows a gold-silica-goldiltitayered nanoellipsoid (MNE) with an
offset core. Herdz; denotes the inner ellipse having dimensiapsemiaxis = 40 nmb;-
semiaxis = 30 nmg-semiaxis = 30 nnE, denotes the middle ellipse having dimensians
semiaxis = 60 nmy,-semiaxis = 40 nn-semiaxis = 40 nm anfl; denotes the outer ellipse
having dimensionsaz-semiaxis = 75 nmjyz-semiaxis = 55 nmgcs-semiaxis = 55 nm,
respectively. The electric field is directed alongnd the wave propagates in théirection.

Figure 4. 6. (a) Sketch of a single three dimeraioanoellipsoid:a’, ‘b’ and t’ representing the major and
minor axis of the ellipsoid. (b) Sketch of a nomcentric MNE with inner core offsety. E;, E, andE; denotes
the inner, middle and outer ellipsoids.
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4.3.1. Far field optical properties of MNE

Figure 4.7 shows the scattering cross section odrecentric MNE. The coupling and

interference of the superradiant antibonding dipnt&je‘ W+>(1) near 580 nm and subradiant

bonding dipole modéW_‘>(1) near 824 nm gives rise a Fano dip near 777 nm. higieer

order modes remain dark in the concentric cases d¢mfirms the resemblance of MNE with
MNS nanostructure. The surface charge distributiassociated witHW+ >(1), ‘W_'>(l) and

Fano dip are shown in the inset.

Figure 4. 7. Scattering cross section of a conmemNE. Inset shows surface charge distributions
corresponding to superradiant mode, subradiant randéd=ano minimum.

Figure 4. 8. Scattering spectra of MNE nanostrectuith various core offsets.y = 0 (blue line), y = 7 (red
line) and y = 8 (green line). Insets shows surface charggilnigions corresponding to DDF, DQF and DOF
for 8 nm offset.

4.3.1.1. Symmetry breaking in MNE

To excite the higher order modes in the spectruenbreak the symmetry of the structure
in a similar fashion i.e., offsetting the inner di@ore in they-direction, Figure 4.6(b). Figure
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4.8 shows the scattering spectra of MNE for variou® offsets. For a 7 nm core offset (red

line), ‘W_'>(2) mode near 656 nm arises in the vicinity‘uf*>(l) mode, due to which the

coupling between the two modes results in a DQF 62& nm. By further offsetting the core
(green line), a dipole active octupolar qur_é >(3) emerges in the spectrum, which couples

to ‘Vl/_+>(1) mode and induces dipole-octupole Fano resonan®d)Mear 605 nm. The DDF

and DQF are also red-shifted with the core offadtich shows a strong similarity with the
NC-MNS nanostructure. The surface charge distrmgticorresponding to each Fano dip for
8 nm core offset are shown in the inset, which rci#astrates the mixing of dipole and
higher dark multipolar modes.

Figure 4.9 shows the effect of symmetry breakindMiNE by rotating the inner gold
ellipse towards-axis. For = 0, we have two dipole peaks i.e., superradiant ahdasliant
(Dy). For = 10, a new peak appears at the lower energy side #8&mm, which also
represents a subradiant dipole modg)(Dhe O mode is slightly red-shifted and eventually
disappeared by increasing the value pfwhile the DB mode enhances and slightly blue-
shifted. The surface charge distributions corredpanto each peak at= 20 are shown in
the inset. At 777 nm, the surface charges on thericore and outer shell oscillate out of
phase, which shows a;node. So in this way, the dipole moment rotatew@sncrease
and D mode splits and converted te Bode.

Figure 4. 9. Scattering spectra of MNE with differealues of the rotation aggle Insets shows surface charge
distributions corresponding to superradiant and $uloradiant modes for= 20.

4.3.1.2. Effect of polarization

Figure 4.10 shows the effect of symmetry breakinglisplacing the inner gold core 18
nm from its center in th&direction. We obtained the higher order dark hgized modes
and Fano resonances, which are also confirmed frensurface charge distributions shown
in the inset for axial polarization (blue line). Bgtating the nanoparticle towargsaxis (red
line), we observed the similar effect of multipolarodes and Fano resonances but the
strength and modulation depth of the Fano resosaace quite weak for this polarization
(transversely polarized light) compared to axiglylarized light. This shows the effect of
polarization on MNE.

54



Figure 4. 10. Scattering spectra for non-conceMidE with different particle orientations. Blue éinincident
electric field is polarized parallel to axis of syratry. Red line: incident electric field is polat perpendicular
to axis of symmetry. Inset shows surface chargeiloligions corresponding to DDF, DQF and DOF foiady
polarized light.

4.4. Multilayered nanocylinder

Next we consider a cylindrical structure with midtimponents. The schematic diagram
of gold-silica-gold multilayered nanocylinder (MNGDOs shown in figure 4.11. The
dimensions of the nanostructure are#5 nm, H=95 nm /R=30 nm, H=75 nm /R=20 nm,
H3=60 nm. The electromagnetic field is linearly padad. The electric field is directed along
x and the wave propagateszhdirection.

Figure 4. 11. Sketch of gold-silica-gold MNCD (sidew).

4.4.1. Far field optical properties of MNCD

Figure 4.12 shows the scattering cross sectionaangentric MNCD. We observed the
similar two resonant peaks in the spectrum, whih @btained by the interaction of the

modes having same angular momenta. The couplingrdaederence oﬂm/_*>m mode near

546 nm aan_‘ >(1) mode near 790 nm give rise DDF near 735 nm. Tidsgnts the likeness
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of MNCD with the MNS nanostructure. The surface rgeadistributions (top view)
corresponding t¢W+>(1), ‘W_‘ >(1) and Fano dip are revealed in the inset.

Figure 4. 12. Scattering cross section of conceMiNCD. Inset shows surface charge distributiong {tiew)
corresponding to superradiant mode, subradiant randéd=ano minimum.

Figure 4. 13. (a) Top view of non-concentric MNCBnostructure with core offset iadirection. (b) y =0
(blue line), y = 8 (red line) and y = 9 (green line). Insets show surface chargeibigtons corresponding to
DDF, DQF and DOF for 9 nm offset.
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4.4.1.1. Symmetry breaking in MNCD

We break the symmetry of the nanostructure in alainmanner like before (figure
4.13(a)), due to which the interactions between itih@les enhances and results in the
emergence of the higher order dark hybridized maodeke spectrum, Figure 4.13(b). The
coupling and interference of these modes give additional Fano resonances in the
spectrum, which are confirm from the surface chadgributions shown in the inset of
figure 4.13(b). The DDF, DQF and DOF explain similjawith NC-MNS nanostructure.

We next rotate the concentric MNCD alopgxis for different values of the rotation
angle and calculate the scattering cross section, Figuré. For = 90, the polarization of
the incident light is directed along the axis of M, so in this case, the peak amplitude of

‘W_*>(1) mode is highly intensified bu#W_‘>(1) mode peak’s amplitude reduces and the

corresponding DDF suffers from weak modulation Hept

Figure 4. 14. Scattering spectra of concentric MNiGDdifferent values of the rotation angl@longy-axis.

Figure 4.15 shows the scattering spectra of MNCIEh Wi nm core offset for different

values of . For =45, we obtained five peaks in the spectrum due tesghiéting of‘W_‘ >(1)

mode i.e., the weak peak near 955 nm and the peak 76 nm represelht/t/_' >(1) modes,

while the other two peaks represe#w_t >(2) and‘w‘ >(3) modes. For = 90, the‘w‘ >(3) mode

disappeared leaving onlyl/_' >(1) and‘w‘ >(2) modes, respectively. This shows that the MNCD

is highly sensitive to the polarization of the ohemnt light i.e., for transversely polarized
incident light, we obtained four peaks in the speutbut for the axially polarized incident
light, only three peaks are observed in the sdaggespectrum. We also examined the case,
where the core is displaced along #axis for different values of. The scattering spectra
obtained in this case demonstrate a close resen#tarthat of the offset alongaxis (result
not shown here).
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Figure 4. 15. Scattering spectra of non-conceMidCD for different values of the rotation anglealongy-
axis.

4.4.1.2. Geometrical tunability of concentric MNCD

We modified the parameters of MNCD and analyzedpltsmon resonances. Figure
4.16(a) shows the scattering cross section of MN@Different values of i H, and H at
fixed Ry=45 nm, B=30 nm, R=20 nm and = 90. It appears that decreasing the values of

Hi, H, and H, both ‘W_*>(1) and ‘W_‘>(1) modes are strongly blue-shifted and a new mode

emerges at the lower energy side near 760 nm ifreyl By further decreasing the values of
Hi, H, and H, all the peaks are slightly blue-shifted. The scef charge distributions for the
case of H=95 nm, H=75 nm and B=60 nm (blue line) are calculated, which are digpth

in the inset (lower panel). The broad peak nearri@shows an axi#lw*>(l) mode and the

narrow peak near 838 nm shows an a#ia‘l>(1) mode. The surface charges for the case of

H1=45 nm, H=30 nm and B=20 nm (green line) are shown in the top panel. ¢k near
534 nm shows a ring shaped dipolar pattern on Hwmthouter and inner metals and the

charges oscillate in phase, so this shows an *am’él(l) mode. The peak near 605 nm shows

a ring shaped dipolar mode on both the outer anerimetals and the charges oscillate out of

phase, so this shows an axfak‘ >(1) mode, while the peak near 750 nm shows a half ring

shaped dipolar pattern on the inner and somewh#teouter metal and the charges oscillate
out of phase, which shows a transv#w‘e>(l) mode. Thus, by varying the heights of MNCD,

we can have twin dipole-dipole Fano resonancesienconcentric case for = 90. Figure
4.16(b) shows the scattering cross section of MN@D = 0. For all the values of H H,

and H;, we obtained only two peaks i.e., t'w_’>(l) and ‘W_'>(l) modes. Thq W_+>(1) mode

maintains its spectral position, Whi‘|ﬂ/_' >(1) mode is slightly blue-shifted as we decrease the

values of the heights. Therefore, when the incidight is axially polarized with respect to
the MNCD axis, we can have dual dipole Fano rescemmvhen the heights of MNCD are
reduced and fall into a certain range. The new Fasonance can be switched on and off by
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changing the polarization of incident light duevtbich it may be used as switching and PIT
applications [44, 56].

Figure 4. 16. (a) Scattering cross section of aentric MNCD for different values of {1H, and H at fixed
R:=45 nm, B=30 nm, R=20 nm and = 90. Insets shows surface charge distributions forctee of H=95
nm, H=75 nm and K60 nm (bottom panel) and the casg=#b nm, B=30 nm and K20 nm (top panel). (b)
Scattering cross section of a concentric MNCD fiffecent values of H H, and H at fixed R=45 nm, B=30
nm, R=20 nmand =0.

Figure 4.17(a) shows the scattering cross sectidiNCD for different values of R R,
and R at fixed H=45 nm, H=30 nm, H=20 nm and = 90. For all the values of RR, and
Rs, we observed three resonant peaks in the spectiliman the values of the radii of MNCD
are large enough then we have a single dipole Fesanance near 637 nm (blue line). The

second subradiant transverse dipole peak is fangkm’rom‘l/:/_*>(1) mode due to which the

near field coupling between the two modes do notupand the Fano resonance is absent in

the scattering spectrum. By decreasing the valfiekeoradii, the '[WO‘W_' >(1) modes blue-

shifted, while thq W_+>(1) mode sustains its spectral position. At certaimgea(green line), the
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second‘W_‘>(1) mode is close enough t‘cwf>(l) mode due which the near field coupling

between the two modes results in an additionalldipano resonance. By further decreasing

the radii of MNCD, the peaks amplitude of the tM >(1) modes decreases and we obtained

Fano resonances with weak modulation depths. Figr&(b) shows the scattering spectra of
MNCD for = 0. For all values of the radii, we obtained two pe#@k the spectrum i.e.,

‘W_*>(1) and ‘W_‘>(1) modes. By decreasing the values of the radii, bo¢thmodes are blue-

shifted and the peak amplitude of t’w_’>m mode decreases while that of dhe_‘ >(1) mode

increases and become close enough to induce arésmimance.

Figure 4. 17. Scattering Cross sgction of MNCDdifferent values of R R, and R at fixed H=45 nm, H=30
nm, =20 nm (a) =90 (b) =0.

Figure 4. 18. Scattering spectra of a non-conaeMNDK for different values of with 9 nm core offset along
(a) y-axis (b)x-axis.

In figure 4.18, we chose MNCD with dimensiong&=B5 nm, H=45 nm /R=30 nm,
H,=30 nm /R=20 nm, H=20 nm and calculate its scattering spectra fonanSore offset at
different values of . The MNCD with such dimensions looks like a diskerefore, we
named this nanostructure raultilayered nanodiskMNDK). The scattering spectra of a
concentric MNDK for = 0 and 90 are calculated in figure 4.17(a) and (b) (greee)li
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Figure 4.18(a) shows scattering spectra of non-@atnc MNDK with 9 nm core offset along
y-axis at different values of. For = 0, we obtained dipole, quadrupole and a weak
octupole Fano resonances in the spectrum. By iscrgdhe value of , it appears that the
peak amplitudes of all the modes reduces and aldisappeared at = 90 except a weak

‘W_*>(1) and ‘W_‘>(2) modes. Figure 4.18(b) shows the scattering spexftnaon-concentric

MNDK with 9 nm core offset along-axis at different values of. For = 0, we obtained
dipole and quadrupole Fano resonances but agairpgébk amplitudes of all the modes
decreases by increasing the value .ofhus, the MNDK scattering spectra strongly degend
on the incident field polarization like the MNCDrm@structure. Form all the above findings,
we obtained distinct Fano resonances in a cyliatlstructure with multi-components, which
may be useful for plasmon line shaping and multtel@ngth SERS [54, 119, 121].

Figure 4. 19. Scattering spectra off 90) (a) MNDK: 28,50/ 44,70/ 63,95 nm and MNC: 40,50/70/ 85,95
nm (b) MNDK: 40,25/ 60,37/ 85,52 and MNC: 40,50/ 8 85,95 nm.

4.4.2. Comparison with multilayered nanocone

The scattering spectra of concentric MNDK at= 90 is very similar to that of
multilayered nanocone (MNC) because both the namdstres exhibit dual dipole Fano
resonances in the optical spectra. For this reagergcompared the optical responses of both
the nanostructures with equal volumes. At first, fseed the height of MNC having
dimensions 40,50/ 60,70/ 85,95 nm and extract thenve of MNDK with dimensions 28,50/
44,70/ 63,95 nm and then we fixed the radius of M&d obtained the volume of MNDK
with dimensions 28,50/ 44,70/ 63,95. So in this wag equate both the nanostructures. The
scattering spectra of MNC with dimensions 40,50/760 85,95 nm and MNDK with
dimensions 28,50/ 44,70/ 63,95 nm at 8fe demonstrated in figure 4.19(a). The MNDK
with such dimensions appeared more like a nanadgtinnstead of a nanodisk. From the
scattering spectra, we observed that the strerfgiiieaesonant peaks and Fano dips in case
of MNC are significant compared to MNDK nanostruetul he optical response of MNDK is
almost negligible by comparing to MNC nanostructlkgure 4.19(b) shows the scattering
spectra of MNDK with dimensions 40,25/ 60,37/ 85,681 and MNC having same

dimensions. In this case, the fiv‘syt{' >(1) mode and the corresponding Fano dip near 660 nm
of MNDK shows a greater strength, while the secbu_‘o>(l) mode and Fano dip near 780 nm
turns out to be very weak compared to MNC nanogirac Thus monitoring these figures, it

61



becomes understandable that the twin dipole Fesanences appeared to be more obvious in
case of MNC nanostructure.

4.5. Concluding remarks

By observing the bright and dark modes in the nanosires with different geometries,
we end up with a conclusion that this trend is \g@peral in bimetallic nanostructures. Any
type of geometry with multicoated structure like BNan be designed with its bright and
dark modes exhibiting Fano resonances. All the Fasonators are found to depend upon
the polarization of incident light. Particularlyneé MNCD and MNDK resonators are
discovered to strongly depend upon the polarizatibimcident light. The twin dipole Fano
resonances observed in MNDK nanostructure are cadp@ MNC nanostructure, which
proves that the strength and modulation depth ef doal Fano resonances in MNDK
nanostructure are weak compared to MNC nanostrictunlike the previously reported
Fano resonators, the MNDK and MNC Fano resonatargigies dual dipole Fano resonances
in the symmetric case, which is particularly sigraht because as they are easier to fabricate
compared to asymmetric nanostructures and can dx insa wider range of technological
applications. But the role of higher order multipl@no resonances in asymmetric plasmonic
nanostructures cannot be rebuff as they play awitapt part in multi-wavelength SERS and
plasmon line shaping.
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Chapter 5

Plasmonic Fano Like Resonances in Single Metallic
Conical Nanoshells

5.1. Introduction

In this chapter, new geometries of gold nanoconiés proper perforation in the gold
nanocone and inserting a dielectric cone insideld ganocone to construct a cone nanoshell
are proposed. Plasmonic Fano resonances arise iev@rsymmetric case, which can be
switched on and off by rotating the structure adbdifferent symmetrical axis with respect
to the incident field polarization. The effect ofnsmetry breaking has been initiated in
conical nanoshell at different values of the ratatangle due to which higher order dark
hybridized modes emerges in the spectrum, whiclpleaiw the superradiant bright mode and
induces higher order Fano resonances. From a cauopawith spherical nanostructures it
comes out that conical nanoshells are found toigg@ynhcapable in the generation of higher
order Fano resonances with larger modulation depthsthe optical spectra. Such
nanostructures are also found to offer high vabfefigure of merit and contrast ratio due to
which they are highly suitable for biological sersso

The plasmonic Fano resonances induced in gold abmianostructures are not only
sensitive to the size and shape but also to thke amgl polarization of the incident light. The
optical properties of the proposed nanostructures amost similar to the conventional
nanoshells [25], nanoeggs [122], perforated narilssfé8, 57, 123] and nanocups [124],
which can be fabricated by the methods given in [B22, 124, 125]. However, we have
found that conical nanostructures have the advaniagxhibit more pronounced plasmonic
Fano resonances and hence can be useful for EIBBR® applications. Symmetry breaking
induces multiple Fano resonances, which may be wseful for plasmon line shaping.

Figure 5. 1. Sketch of the nanoparticle. The ingidield is linearly polarized along thedirection and
propagates along thedirection. The nanoparticle axis is rotated arothmed/-axis of an angle from 0 to 90.
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The illuminating electromagnetic wave is linearlylgrized, the electric field is directed
alongx and the wave propagateszudirection. The optical properties of the nanoudet are
examined by rotating its axis arougehxis of an angle, from = 0 to 90 as shown in
figure 5.1. This is equivalent to change the paktion direction of the incident light.

5.2. Optical properties of hollow gold nanocones

We start our study from an open structure i.e.lollgold nanocone (HNC), derived
from the gold cone with a proper perforation. Thiekness of HNC i$ = 13 nm, heighh =
95 nm, radiug = 72 nm and semi angle= 26 as shown in figure 5.2(a). The scattering
spectra of HNC strongly depend upon the polaripabb the incident light. Figure 5.2(b)
shows the scattering cross section of HNC for chffie values of the rotation angle For =
0, the incident light propagates along the HNC axisl the electric field is directed
transversally, so the peak near 1.5 eV is a trassvdipole mode (blue line). A plasmon
hybridization occurs between the cavity plasmon enadd the metallic cone plasmon mode
as discussed before [25, 61]. The two modes irnterzdt form a lower-energy bonding mode
and a higher-energy antibonding mode. The higherggnantibonding mode does not appear
in the spectrum because the cavity and cone plasrosaillate out of phase, so only the
lower-energy transverse bonding mdde}T will emerge in the scattering cross section due
to its larger dipole moment. By breaking the ratasil symmetry other modes appear. At
30, a new peak appears around 1.94 eV (red line;wtdpresents a subradiant quadrupole
mode|W>2. This mode was almost absent at 0. The peak amplitude qfw >T mode
decreases by increasingout remains at the same spectral position andsildisappears at
90, where the E-field is aligned with HNC axis (pwpihe). At 90, the peak near 1.96 eV is
relevant to the high-energy axial dipole bongingdm{:w)A. The high-energ;}ﬂ/l(}2 mode
also turn out to be disappeared at 90. Thus, the optical properties of HNC are angularly
and spectrally selective [123].

The coupling and interference of the two scatteprgks at = 45, results in a dip in
the spectrum, which reveals a Fano like resonafite surface charge distributions

corresponding tc|>W_ }T : |W_>2 and Fano dip at = 45 are shown in the inset of figure 5.2(b).

The charge distribution near 1.5 eV representslfaring shaped dipolar pattern (transverse
dipole mode), the charge distribution near 1.96sédws a quadrupolar pattern, while the
surface charges at the Fano minimum is a mixtudgpule and quadrupole modes.
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Figure 5. 2. (a) Geometry of HNC having dimensiors72 nm, heighh = 95 nm,t = 13 nm and semi angle
= 26. (b) Scattering spectra of HNC at different valwdsrotation angles . Inset shows surface charge
distributions calculated using Gauss’s law.

5.2.1. Geometrical tunability of HNC

In this section, the geometrical tunability of ptemn resonances of HNC is analyzed.
Figure 5.3 demonstrates the scattering spectra\§ Mith different values of at fixed =
45, r = 72 nm andh = 95 nm. It appears that decreasingesults in a simultaneous red-shift
of both the high and low-energy peaks and vicearehs smaller values df the modulation
depth of the Fano resonance and the scattering @eaglitudes are enhanced. By filling the
HNC with silica (relative dielectric constant 2.0d)so results in a red-shift of both the
scattering peaks and Fano dip as shown by the liteekThus the modulation depth of the
Fano resonance can be controlled and enhancedyinga

Figure 5. 3. Scattering spectra of HNC for différealues ot and fixedr = 72 nmh =95 nm, = 26 and =
45.

Figure 5.4 shows the scattering spectra of HNdffferent values of at fixedh = 95
nm,t =13 nm and = 45. It has been observed tha¥ ), mode completely vanishes by
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reducingr and a single dipole plasmon mode is obtainedeahiph-energy level (green line).
So decreasingwill destroy the Fano resonance in HNC nanostrectu

Figure 5. 4.Scattering spectra of HNC for different values @it fixedh = 95 nm,t = 13 nm, =26 and =
45,

Figure 5.5 shows the scattering spectra of HNGlfiferent values oh at fixed = 45,
r =72 nm and = 13 nm. By decreasing the valuepfthe peak amplitudes ¢W >1 and

|W>2 modes decreases and the separation between thexases due to which the coupling
between them reduces and we perceived almost no Femonance in the spectrum. For
instance, ah = 25 nm, thdw. ), peak does not overldpy, ), peak spectrally, due to which

no Fano resonance can be established in the spedimuthis case, both the peaks couple
directly to the incident light.

Figure 5. 5.Scattering spectra of HNC for different valueshadt fixedr = 72 nm,t = 13 nm, =26 and =
45,

_ Figure 5.6 illustrates the scattering spectra ofHMth different values of at fixed =
45,t =13 nmy =72 nm andh = 95 nm. At =5 (blue line), the HNC adopts the shape of a
cylinder as shown in the inset. By increasing thki@ of , the low-energy peak blue-shifts
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while the high-energy peak red-shifts and theirkpeaplitudes decreases. The surface
charge distributions for = 5 and 36 are demonstrated in the inset, which clearly shies
dipolar and quadrupolar characters.

Figure 5. 6. Scattering spectra of HNC for differeglues o[ at fixedr =72 nmh=95nmt=13nmand =
45 . Inset shows surface charge distributions fer5 and 36.

Figure 5. 7. (a) Geometry of ENC having dimensibasl1 nmr (a) = 74 nm, heighh = 95 nm and semi angle
= 26. (b) Scattering spectra of ENC for different valudb at fixeda = 74 nm h= 95 nm and = 45. Inset
shows surface charge distributions ffor 20 nm.

67



We next vary théb-semiaxis and take fix tha-semiaxis (74 nm) of the HNC due to
which its geometrical shape looks like an elligtic@anocone (ENC) as shown in figure
5.7(a). The thickness of the ENCtis 11 nm, radius (a) = 74 nm, heighh = 95 nm and its
semi angle is = 26. Figure 5.7(b) shows the scattering spectra of ENdifferent values of
b-semiaxis, which is rather similar to the scattgrspectra of HNC. It has been observed that
by decreasing the value bfresults in a blue-shift of the lower-energy dipp&ak and a red-
shift of the higher-energy quadrupole peak and theak amplitudes decreases. The surface
charge distribution fob = 20 nm are shown in the inset, which clearly shalygole and
guadrupole modes.

Figure 5. 8. (@) Geometry of CNS having dimensigag2, h=82/r,=85,h,=95 nm and semi angle= 26. (b)
Scattering spectra of CNS for different values.of

5.3. Conical nanoshell (CNS)

In this section, we inserted a cone filled with iaside a metallic gold cone to make a
conical nanoshell (CNS) as shown in figure 5.8l@}his case, the CNS will no more be an
open structure like before. The dimensions of CNS&72, h=82/r,=85, h,=95 nm, where
ri, hy are the radius and height of the inner dielectoicecand,, h, are the radius and height
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of the outer gold cone, respectively. The semi eugffixed at = 26. Figure 5.8(b) shows
the calculated scattering spectra of CNS at differealues of , which is approximately
analogous to the scattering spectra of HNC by alrtgithe same transverse and axial dipole
modes and Fano resonance.

Next we examined the scattering spectra of CNS lbgnging the height of inner
dielectric cone i.eh at fixedh, = 95 nm,r; = 72 nm,r,= 85 nm and = 45. It has been
observed from the scattering spectra of CNS thatedsingh; results in a blue-shift of the
scattering peaks and decrease in the modulatioth dédpthe Fano resonance as shown in
figure 5.9.

Figure 5. 9. Scattering spectra of CNS for difféneadues ot at fixedh, = 95 nm,r;=72 nm,r,=85 nmand =
45,

Figureo 5. 10. Scattering spectra of CNS for diffienealues of; at fixedr, = 85 nmh; = 72 nm,h, = 95 nm, and
=45,

Varying the radius of the inner dielectric coneoaddfect the scattering spectra of CNS
as shown in figure 5.10. By increasing the radiuthe inner cone, the scattering peaks and
Fano dip red-shifts simultaneously as well as thedwation depth of Fano resonance
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intensifies. The similar situation was also obsdrug HNC nanostructure by varying the
thicknesg.

The optical properties of HNC and CNS nanostrustuage rather similar to the
symmetry reduced perforated gold nanoshells andaugs because their scattering spectra
are also highly sensitive to the geometric asymynaid the angle between the polarization
of incident light and the nanoparticle axis, whinhy be used for applications like angularly
selective filters and biological sensors [28, 1B8} the conical nanostructures have the
advantage to exhibit a Fano like resonance in fleetsum due to which it can be used for
additional applications like EIT and switching [B8].

Figure 5. 11. (a) Geometry of NC-CNS with core effsy (top view) having dimensions=72, h=82/r,=85,
h,=95 nm,t = 2 nm and semi-angle= 26. (b) Scattering spectra of NC-CNS for differentues of y. Inset

shows surface charge distributions correspondidgﬂ@j , | w >2 , | w >3 and| w >4 modes.

5.3.1. Symmetry breaking in CNS

The effect of symmetry breaking is introduced in By displacing the inner air cone
on an otherwise fixed geometry due to which modedistinctive angular momenta starts to
interact [61, 98, 115]. The dimensions of non-conge conical nanoshell (NC-CNS) with
17% core offset in thg-direction (y = 12 nm) arei=72, h=82/r,=85, h,=95 nm with the
same semi-angle = 26’ as shown in figure 5.11(a) (top view). The thickmef the thin layer
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is ‘t’, which is fixed at 1 nm. In this layer, the resoh modes amplitude will be greater
because the plasmon interactions between the a& @od gold shell is robust in this locality.
Figure 5.11(b) shows the scattering spectra of NG @or different values ofy at = 0.

By increasing the value ofy, the peak amplitude of the fundamental mM@T decreases

and higher order dark modes emerges in the speciftm higher order hybridized modes
interact with the mod¢w >T and induce Fano-like resonances. For instancey a 12 nm,

the bonding quadrupolp ), , the octupole modex ), and the hexadecapolar moe! ),

appears in the spectrum at high-energy levels, ledopthe mode#w_)T and engenders Fano

like resonances. The first Fano dip near 1.54 eYoisied by the interaction of the mode
|W_>T with the modd W_>2, the second Fano dip near 1.8 eV arises fromrmitieeaction of the
mode|l/t/_>T with the mode|W>3, while the third Fano dip near 1.95 eV arises frihma
interaction of the mode}W_}T with the mode|W_>4. The surface charge distributions
corresponding to each peak are shown in the ifgggwe 5.11(b), which clearly reveal the
nature of the models )", [w.),, |w), and|w),.

Figure 5. 12. Scattering spectra of NC-CNS fofedént values of at fixed (a) y = 12 nm and (b) x = 12
nm.

Figure 5.12(a) shows the scattering spectra of NNS@anostructure fory = 12 nm
and different values of. By increasing the value of, the peak amplitude of all the
hybridized modes starts to decrease. At 90, the mode|l/|(>T weakens significantly and

the mode 1. ), entirely vanishes. Figure 5.12(b) shows the sdatjespectra of the NC-CNS

by offsetting the core in thedirection ( x = 12 nm) for different values of For =0, we

obtain higher order hybridized modes and Fano-tésonances that are similar to those
obtained by offsetting the core along tix@irection. Since the core offset is along the
polarization direction, the coupling between thede®is stronger compared to the previous
case and this gives arise to broad peaks in thetrspe The first Fano resonance near 1.47
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eV appears to be broader compared to the previbaspsFano dip, the second Fano
resonance near 1.76 eV is sharper due to its langgulation depth, while the third Fano
resonance near 1.95 eV is also relatively strorfge $cattering spectrum for the axially
polarized light shows a red-shift of a few electrmits and a stronger interaction between

modes of different order. By increasing the valtie,dhe peak amplitude of the mo{:la{ >T

declines, while the mod|EW_>2 disappeared completely at= 90, like in the previous case.
Also in this case, the modém/ ), and|w ), slightly amplify and a weak Fano resonance is

observed near 1.95 eV, which emerges from the caypif the modéw)T with the mode

|w.),. However, this Fano resonance is suffered fromkweadulation depth. Thus by

offsetting the inner shell in different directiom#th respect to the incident field polarization,
we obtained distinct Fano resonances, which camsbd for plasmon line shaping and SERS
[54].

Figure 5.13(a) shows the near field enhancementtisp®f NC-CNS with different
values of y. The maximum value of the field enhancement veamd for the| W>3 mode,

which is equal to roughly 130. Figure 5.13(b) shdhe near field enhancement spectra of
the NC-CNS with the core offset along tkelirection (blue line) and the-direction (red
line) witht = 1 nm. Both the configurations provide maximueddienhancement at various
regions in the spectrum, which was observed athimmer side of the nanostructure. For the
core offset ink-direction, we examined a slight red-shift of tesanant peaks and large field
enhancement.

Figure 5. 13. Near field enhancement spectra &rdffferent values ofy. (b) xand y at fixedt = 1 nm.

We next fixed the value @f= 1 nm (core offset alongaxis) and vary the dimensions of
the inner shell on an otherwise fixed geometry anlied the scattering cross section for
different cases. Figure 5.14(a) shows the scagepectra of NC-CNS by modifying and
h;. For all the cases, we obtained higher order kyzed modes in the spectrum. It has been
observed that by increasing the valueripfa simultaneous red-shift of the resonant modes
occur because of the stronger interaction betwkernnner and outer cone modes. Also the

peak amplitudes ofw/ ) and|w ), modes reduces by increasing the value;ofigure

2 3
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5.14(b) shows the spectral shift of the hybridizeddes as a function af, which clearly
demonstrates the red-shifting of the modes.

Figure 5. 14. (a) Scattering spectra of NC-CNS wiifferent values of; andh; at fixedt = 1 nm (core offset
alongy-axis). (b) Energy shifts as a functionrof

5.3.2. Comparison with spherical nanostructures

The NC-CNS nanostructure is analogous to conveatioranoegg (CNG), which
contains a spherical offset dielectric core, emleddd a thin metallic shell [25, 57]. For this
reason, we equate the volumes of both the nantstescand examined their optical spectra.
The dimensions of NC-CNS are chosen torper2, hi=82/ r,=85, h,=95 nm and the
equivalent CNG are=55/r,=67 nm. Figure 5.15(a) shows the scattering speftbeth the
nanostructures with 17% core offset algraxis at = 0 and figure 5.15(b) shows the near

field enhancement spectra. The CNG spectrum (re) tontains a weak mode ), and a

Fano like resonance. It is clear that the NC-CN$iosauctures exhibit large field
enhancement and sharp tunable Fano resonancetamgéhmodulation depths in the optical
spectra compared to the CNG nanostructures. Thisdiee useful for plasmon line shaping,
EIT and SERS applications.

Figure 5. 15. (a) Scattering spectra of NC-CNS @hf> nanostructures at= 0. (b) Near field enhancement
spectra of NC-CNS and CNG nanostructures=a0.
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Figure 5. 16. (a) Local refractive index sensigivif NC-CNS at = 0. The refractive index of the surrounding

media is n = 1.00, 1.18, 1.33, 1.41 and 1.50. (@®rgy shifts of| W_>1, | W_>2, |W>3 and|W_>4 modes as a

function of the refractive index.

5.3.3. Spectral sensitivity of NC-CNS to the surrowding medium

To analyse the performance of the nanoparticle (NS) as chemical or biological
sensors, we use figure of merit (FOM) and contrasb (CR) by changing the refractive
index (n) of the local environment [31, 63, 126heTFoM is given by equation (5.2), which
is the ratio of the sensitivity to the bandwidthW{B of the resonance. For a symmetric
resonance, the bandwidth is the full width at In@diximum (FWHM) of the resonance but for
the asymmetric resonance, the bandwidth is theiikh from the peak to the dip of the
resonance as proposed by Haa@l, [91]. The contrast ratio is given by equatiorBj5which
is the ratio of the difference between the peakeand the dip value to the sum of these two
values [31]. Figure 5.16(a) shows the scatteriregp of NC-CNS for different values of the
refractive index of the embedding medium. It hasrbebserved that, increasing the
refractive index of the medium results in a redisbil the plasmonic peaks. Figure 5.16(b)
shows the energy shifts of the resonant peaks famdaion of the refractive index. The

sensitivity of the mod¢W_ >T is 0.844 eV RIY, FoM and CR are 7.3 and 91%, respectively.
The sensitivity of the moder), is 0.910 eV RIU, FoM and CR are 7.9 and 83%,
respectively. The sensitivity of the modler ), is 0.942 eV RIJ, the FoM and CR values

are 14.3 and 50% respectively. The sensitivit;hefmode| W_>4 is 0.942 eV RIU, the FoM

and CR values are 28.5 and 3%, respectively. TheisNC-CNS nanostructure presents both
the high CR and FoM values, so it shows good perdmices as a biological sensor.

Emax (1) B Emax( n) eVRI Ul

Sensitivity=
n-1 (5.1)

_ Sensitivity
BVV/ @

FoM (5.2)
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CR ;
peak valuer dip valdg(l)

(5.3)

5.4. Concluding remarks

We analyzed the optical properties of new geonmeisiegold nanocones. The effect of
Fano like resonances are obtained in a single adsoatructure (contains only a single metal
piece), which can be switched on and off by rotatie structure around different
symmetrical axis with respect to the incident figidlarization. The symmetric conical
resonator also offers dimensional angularly seldgtiof the plasmonic properties like the
nanocups and gold nanoshell with holes but it madvantage to exhibit Fano resonance in
the spectrum, which can be used for additional iegibns like PIT and switching. The
asymmetric conical Fano resonator is found to lghlizicapable in the generation of higher
order Fano resonances, which may be appropriatpl&mmon line shaping and SERS. A
comparison of conical and spherical Fano resondiave been examined. The conical Fano
resonator is found to exhibit high field enhancetreerd sharp tunable Fano resonances with
large modulation depths in the optical spectra camegh to spherical Fano resonator. The
spectral sensitivity of asymmetric conical Fancoregor to the surrounding medium is also
studied and high values of FoM and CR are obsewhth shows the performance of Fano
resonator as a biological sensor.
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Chapter 6

Fano resonant plasmonic conical nanodimer

6.1. Introduction

In this chapter we studied the plasmonic propertieswo closely adjacent metallic
conical nanopatrticles. The plasmon modes of the fianocone couple primarily with the
plasmon modes of the second nanocone due to whistoad peak and a narrow peak
emerges in the extinction spectrum, which can hegoaized as bright and dark plasmon
modes. The destructive interference of the two mod@sults in a sharp Fano dip in the
spectrum. Several configuration of the conical mamer have been demonstrated, which
suggest that the plasmon coupling in the dimerotsanly dependent on the interparticle
distance and size of the nanoparticles but alsothen spatial arrangement of the two
components. The localized near-field energy knowmat-spots of the dimer nanostructure
are essential for the surface-enhanced Raman spegfry applications by detecting
biomolecules.

Surface plasmons of metal nanoparticles are abfgdduce very strong and confined
optical fields at deep sub-wavelength volumesp&yond the diffraction limit. When the two
metal nanoparticles are placed closed to each twherake a dimer, their optical properties
are highly changed because the plasmon resonahdeghothe metals couple together and
forming new hybridized plasmon modes. Reportedystibwed that by decreasing the gap
between the two nanopatrticles, the plasmon cougintipe nanoparticles can be increased,
which results in the amplification of the field eémisity by orders of magnitude. Because of
this property, the dimer nanostructure has recewdtlige attention for surface-enhanced
Raman spectroscopy (SERS) applications due to ehespgot produced in the gap between
nanoparticles when incident light is polarized gldime dimer axis [45, 46, 72, 127].

Recently, it has been established that the plasmdinner nanostructure also support
Fano like resonances [18, 19, 43, 44, 46-48]. \tarigeometries based on dimer structure
have been proposed to achieve Fano resonancesnBibwal, have experimentally and
theoretically analyzed mismatched nanoparticlespairdifferent size and shapes that gives
rise to properties such as Fano resonances, avoidsging behavior, and optical nhanodiode
effect [44]. Yanget al, have theoretically investigated the plasmon &Gogpin metallic
nanorod dimers. They observed a pronounced dipearnoptical spectrum due to plasmonic
Fano resonance which is induced by destructivefarence between bright dipole mode of
the short nanorod and dark quadrupole mode of ahg hanorod [19]. Wiet al, have
reported Fano like resonances in the absorptiontgpe of an asymmetric homodimer of
gold elliptical nanowires, which arises from theéherent coupling between the superradiant
bright mode and the subradiant dark mode [47]. &/wal, have also demonstrated the
influence of symmetry breaking on the plasmon rasce couplings in the gold nanotube
dimer and observed strong Fano like resonance én sttattering spectrum due to the
interference of the bonding octupole mode of theaediwith the dipole modes in the weak
coupling model [46]. Recently, Zhered al, have observed Fano resonance in a T-shaped
dimer, which arises from the interference of thighitrmode of the short nanoparticle and the
dark mode of the long nanopatrticle [128].
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We present here for the first time, the observatibRano resonance in a dimer based on
gold nanocones, which are highly polarization deleem nanostructures [129]. The Fano
resonance can be tuned and enhanced by modityingize of one of the nanopatrticle or the
interparticle gap between the two nanocones. Skverdigurations of the dimer structure
have been proposed to attained Fano resonances.

6.2. Optical properties of a dimer

Figure 6.1 shows the schematic diagram of a midmedtcgold nanodimer. The
dimensions of the nanodimer arg R/ Ry, H,, where ‘R’ and ‘H;’ the radius and height of
the large nanocone and arey“Rnd ‘Hy' the radius and height of the small nanocone,
respectively. The gap size between the two nanacoise ‘G. The illuminating
electromagnetic wave is linearly polarized, thecgle field is directed along and the wave
propagates in the-direction.

Figure 6. 1. Sketch of the dimer nanostructure. ifbilent field is linearly polarized along thkedirection and
propagates along thedirection.

Figure 6.2(a) shows the calculated extinction speot the large and small nanocones
having dimensions RH; =90, 110 and R H,= 50, 70 nm, respectively. The large nanocone
exhibit a sharp extinction peak near 638 nm andsthall nanocone at 552 nm. Both the
peaks represent the fundamental dipole mode. Noenwhe two nanocones are brought
close enough to from a dimer, then according to glesmon hybridization model, the
plasmon modes of the first nanocone couple primparith the plasmon modes of the second
nanocone due to which a low-energy bonding andgh-bnergy antibonding modes are
formed [130]. The antibonding mode cannot be vigedl in the spectrum due to its
extremely small dipole moment, so only the bondimgge emerges in the spectrum due to its
large dipole moment [77, 130]. In a mismatched namer (heterodimer), the dipole mode of
the small nanocone interacts with the dipole amghdr order modes of the large nanocone
forming hybridized dipole-dipole (DDB), dipole-quagbole (DQB) and dipole-multipolar
bonding modes [43, 44]. Figure 6.2(b) shows thénetibn spectra of a heterodimer with a
gap ofG = 1 nm, which possesses a mixture of the hybridimégght DDB mode near 770 nm
and dark DQB mode near 630 nm. The higher-energik pemuch weaker than the lower-
energy peak. The two modes overlap in energy addces a sharp Fano resonance in the
visible range near 682 nm, which is characterizg@ ldip in the spectrum. It has also been
observed that swapping both the nanoparticles doésaffect the extinction spectra of a
nanodimer. The surface charge distributions (t@pvyicorresponding to each peak and Fano
dip are shown in the inset of figure 6.2(b). Thef@ee charges near 770 nm shows a dipole
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distribution on both the nanopatrticles, which digaepresents a DDB mode. The surface
charges near 630 shows a quadrupolar like distobuin both the nanoparticles depicting
DQB mode, while the surface charges at the dip shawnixture of dipole and quadrupole
modes. We named this configuration of a nanodirméye |

Figure 6. 2. Extinction spectra of a (a) large anthll nanocones (b) nanodimer. Inset shows sudhaege

distributions calculated using Gauss’s law.

Figure 6. 3. Extinction spectra of a dimer withd@ndinal (blue) and transverse (red) polarizations
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The polarization state of the incident light alss la great effect on the extinction spectra
of the dimer. Figure 6.3 shows the extinction s@eatf a nanodimer with both the
longitudinal (blue line) and transverse (red lireXcitations at fixedG = 1 nm. For a
transverse polarized incident light, the electriistaoupling between the nanopatrticles is
predicted to be of less significance. Here, th& fenhancement and plasmon coupling are
very weak compared to the longitudinal excitatioecduse the hybridization effects are
limited [44, 77]. So, for the transverse polariaatithe Fano dip disappears and we observed
only a single dipole peak near 650 nm. The highdemhybridized modes remain absent in
this case and the dimer acts as a monomer. Thushdnyging the polarization of incident
field, the Fano resonance can be switched on &nd of

Figure 6. 4. Extinction spectra for (a) differetive ofG; (b) R, and H. (¢) Wavelength shift as a function of
R;.
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The appearance of higher order modes in the namvdigpends upon the gap between
the two nanoparticles. When the gap is small, tharplasmon interactions between the two
nanocones increases, which results in the emergainbegher order multipolar modes as
shown in figure 6.4(a). For instance, Gt 0 and 0.5 nm, a slight octupolar peak aris¢beat
high-energy level. It is further to be noted that,decreasing the value & a simultaneous
red-shift of the resonant peaks occur and the nabidnl depth of the Fano resonance
increases. However, whé&h= 0 nm, the resonant peaks blue-shifted. By irgingathe value
of G, the DQB mode gets weaker while the DDB mode besostronger, which results in
the weakening of Fano resonance. For a very laajigevof G, the plasmon hybridization
between the two nanocones are reduced due to Hnéctiimer acts as an isolated monomer
because only a single resonance dominates thecgatinspectrum and no Fano resonance
can be perceived. Figure 6.4(b) shows the extincsipectra of a dimer by modifying the
dimensions of the first nanocone at @ix= 1 nm due to which the intensity and the spectral
position of both resonances vary. It appears thiasialler values of Rand H, the DDB
mode losses its strength and become narrow becdiube decrease in the polarizability of
the first nanocone asi;Rjets smaller. Also the Fano resonance is compahativeak for
smaller values of Rand H. Figure 6.4(c) shows the gradual red-shiftinghed DDB and
DQB modes as a function ofRThe blue line corresponds to DDB mode, which shaw
red-shift of around 80 nm by increasing the valtiBowhile the DQB mode (red line) shows
a red-shift of around 35 nm, almost half of the DBBde. This suggest that the DQB mode
has somewhat maintains its spectral position. Tkhes,spectral location and modulation
depth of the Fano resonance can be controlled lifyirag G or size of the nanoparticle.

We named the dimer with dimensions 30,50/50,70 srtype IAand the dimer with
dimensions 90,110/50,70 nm a&gpe IB nanodimer. Figure 6.5 shows the near field
enhancement and vector distributions of type IBodamer at different wavelengths, where
the maximum value is observed in the gap regionwdenh the two nanoparticles. The
directions of field vectors are determined by teal parts of the electric fields indicating the
DDB and DQB modes as well as a Fano resonancel ], For the type IB nanodimer, the
maximum value of the field enhancement for the D&de is found to be 245 and that for
the DQB mode is 330. For the type IA nanodimerriaimum value of the enhancement for
the DDB mode is 400 and that for the DQB mode 8, 2¢hich are reasonably high than the
type IB nanodimer. So, in this configuration of anndimer, the type IB exhibit strong Fano
resonance, which may be useful for plasmon-inducaasparency (PIT) [14], whereas the
type IA provides large field enhancement, whichnsmportant feature of SERS [38, 75].

Figure 6. 5. The distributions of field intens&tiand vectors in thezplane of type IB nanodimer for the DDB
and DQB modes and Fano resonance.
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Figure 6. 6. (a) Sketch of type Il nanodimer. (Xifction cross section of type Il nanodimer. Iissehows
surface charge distributions. (c) Wavelength sisfa function of R

Next we make a nanodimer in such a way that its exaligned with the incident field
polarization as shown in figure 6.6(a). Here thpes f both the nanocones are in the same
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direction. We name this arrangement of a nanodiasaype |l Figure 6.6(b) shows the
extinction spectra of type Il nanodimer for diffetevalues of Rand H. The results obtained
for this type is quite different from the type Indmuration. When the dimensions of the
dimer are 90,110/50,70 nm a@d= 0 nm, the DDB mode is strongly damped and refiesh

in the spectrum and no coupling between the bragit dark modes are observed due to
which no Fano resonance can be perceived. Foethegreen and black lines in figure 6.6(b),
we fixedG = 1 nm due which the modes coupling occur and Fasonance started to appear
in the spectrum. When the first nanocone size emtb R = 30 nm and H= 50 nm, the
DDB mode loses its strength and becomes narrowlgevam the other hand the DQB mode
gained enough strength and became broad due tohwhi€ano resonance with sharp
modulation depth is observed in the spectrum. Faiso resonance was weak in the type IA
nanodimer. We named the nanodimer with such diressastype Il1A and the dimer with
dimensions 90,110/50,70 nmtgpe IIB The surface charge distribution correspondinitpéo
two extinction peaks for type IIA nanodimer are whan the inset. The peak near 655 nm
corresponds to DDB mode, while the peak near 550shaws a quadrupolar like pattern.
Here at the narrow gap between the two nanocohestransfer of the charges occur. For
instance, the negative charges of the large namocagrates to small nanocone and the
positive charges of the small nanocone migratdarge nanocone due to which the nature of
this mode appears as quadrupolar. Figure 6.6(ayslioe wavelength shift of both the DDB
and DQB modes as a function of & fixedG = 1 nm. The DDB mode (blue line) shows a
red-shift of around 80 nm, while the DQB mode shawshift of just 15 nm. This shows that
by reducing the size of the first nanocone, the Db@le strongly blue-shift, while the DQB
mode has essentially retains its spectral location.

Figure 6. 7. Extinction spectra of (a) type 11B) tipe IIA nanodimers for different values Gf

Figure 6.7(a, b) shows the extinction spectra pétfB and IIA nanodimers for different
values ofG. It appears that by increasing the value of G,0B#8 mode blue-shifted and the
strength of the Fano resonance decreases. Forviaige of G, the double peak spectral
feature vanishes and no Fano resonance is obseémvbdth the types. This situation is
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different from the type | nanodimer, where for highlues ofG, the Fano resonance still
exist. So the type | nanodimer has the potentiagxbibit strong Fano resonances in the
extinction spectrum even for high value @f However, the type IIA nanodimer has shown
striking feature due to the appearance of interms® Fesonance f@ = 1 nm.

Figure 6.8 shows the near field and vector distiims of type 1B nanodimer at fixe@

= 1 nm, which reveals high values of the enhancéraethe narrow gap between the two
nanocones. For the type IIA nanodimer, the maximmatue of the enhancement for the DDB
mode is 255 while that of the DQB mode is 100. fhertype 1B nanodimer, the maximum
value for the DDB mode is observed to be 86 whikt for the DQB mode is 46. So in this
configuration, the type IIA nanodimer can be a dretthoice for both the PIT and SERS
applications [14, 38]. From the near field disttibas, it also becomes clear that, whatever
the arrangement of the nanoparticles, the maximear field enhancement always takes
place at the junction between the two nanopartigleforming a so-called “hot spot”.

Figure 6. 8. The distributions of field intensiti@sd vectors in thezplane of type 11B nanodimer for the DDB
and DQB modes and Fano resonance.
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Figure 6. 9. (a) Sketch of type Il nanodimer. BEXtinction cross section of type Il nanodimer. {&avelength
shift as a function of R

Another type of the nanodimer arrangement are shawigure 6.9(a), where we place
the tips of both the nanocones in front of eaclentiVe named this configuration of the
nanodimer asype lll. Figure 6.9(b) shows the extinction spectra oftipe Il nanodimer.
For the blue line wher& = 0 nm, a tremendous red-shift of the DDB modehiserved and
no Fano resonance is found. This situation is aimi type Il configuration fo6 = 0 nm.
For G = 1 nm, a strong blue-shift of the DDB mode takece (red line) but by decreasing
the size of the first nanocone, an extremely smalement of the DDB mode occur and also
the Fano resonance obtained in this case is veak w@mpared to the previous two cases. So
the type Il configuration is producing only weakrfe resonances. Figure 6.9(c) shows the
wavelength shift as a function ofi.Rt appears that the DDB mode shows a red-shiéndy
21 nm while the DQB mode shifts around 11 nm. Téigygest that, in the type Il
configuration, the Fano resonance and the hybrdmedes are not very sensitive to the size
of the nanopatrticle unlike the previous two types.

Figure 6. 10. Extinction spectra of (a) type 11[B) type IlIA nanodimers for different values Gf
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Figure 6.10 shows the extinction spectrum of thgetyll nanodimer with different
dimensions for various values @. The dimer with dimensions 30,50/50,70 nm and
90,110/50,70 nm are named Bpe IlIA and type IIIB. In both the type IIIA and 1lIB
nanodimers, the blue-shifting of the DDB mode mikir to the previous discussed cases but
no pronounced Fano resonance is observed. Sdyddype Il nanodimer, changing the gap
G or the parameters of the nanoparticle do not yg&lohg Fano resonance.

Figure 6.11 shows the near field and vector distiims of type I1IB nanodimer for the
DDB and DQB modes and Fano resonance. The higlagse wf the enhancement for type
[IIA nanodimer is observed to be 180 for the DDBduavhile that for the DQB mode is 60.
On the other hand, for the type IlIB nanodimer, th&ximum value of the enhancement for
the DDB mode is 150 while that for the DQB mod&7s These values of the enhancement
are less than the previous two types. Thereforecamesay that the type Il nanodimer is not
so proficient for high performance SERS. The nedd fenhancement distributions of type I,
Il and Il nanodimers show that the lower-energyB>ode will always exhibit large value
of the enhancement like the previous reported etufd3, 46, 73]. However, the type IB
nanodimer shows maximum value of the enhancemernhéDQB mode, which is different
from the other cases.

Figure 6. 11. The distributions of field intensitiand vectors in thezplane of type IlIB nanodimer for the
DDB and DQB modes and Fano resonance..

Finally, we make a nanodimer by placing the tipdoth the nanocones in the opposite
direction as shown in figure 6.12(a). We named tiaisostructure aype I\V. Figure 6.12(b)
shows the extinction spectra of the type IV nanadinFor the blue line, where the
interparticle distance vanishes i.6.= 0 nm, only a DDB mode at the higher-energy lesel
observed, which involves electrons flowing betwéss two particles [26]. In this situation,
the nanodimer act as a monomer and such case te diffierent from the previously
addressed cases fGr= 0 nm. When the value @ increases from 0 to 1 nm, a slight peak at
the lower energy level near 1430 nm appears. Téak 5 far ahead from the DDB mode due
to which no coupling between the two modes willelplace. By reducing the size of the
first nanocone, no distinct Fano profile is obsdrue the extinction spectrum because the
two peaks are not close spectrally. So, the typenddodimer is incorrigible of producing
Fano resonances. However, by changing the intécfgagap, it is surprising to see that the
two peaks come closer, overlap in energy and irgllce=ano resonance with a weak
modulation depth. This situation is quite obvioastlype IVB (90,110/50,70 nm) nanodimer
at G = 6 nm showing in figure 6.12(c). This implies tthéne type IV nanodimer exhibit a
remarkable sensitivity to the gap region.
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Figure 6. 12. (a) Sketch of type IV nanodimer. Eix}inction spectra of type IV nanodimer. Extinctispectra
of (c) type IVB; (d) type IVA nanodimers for diffent values oG.

6.3. Concluding remarks

We studied theoretically, the plasmonic Fano resoceain a dimer based on gold
nanocones. By adjusting the geometry parametefsare line shape is observed in the
extinction spectrum, which is induced by the irgeghce of bright and dark plasmon modes.
Several geometrical configurations have been usedtéin Fano resonances. The maximum
enhancement for all the types of nanodimer is afeskto be typically occur in the gap region
between the two nanoparticles. Among all the typgse | arrangement is discovered to
provide maximum field enhancement and sharp Fasonance with greater tunability.
However, type [IB nanodimer exhibit a Fano resoeamdth large modulation depth,
typically more capable for PIT application. The gsteonic responses of type IV nanodimer
are found to be highly sensitive to the interpéatidistance and less affected by the size of
the nanopatrticle. The results obtained in this wapkn up the advantageous possibility of
using the Fano resonance band for plasmon ser®ifigswitching and SERS applications.
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Chapter 7

Theory of Fano resonances in Plasmonic nanostructas

7.1. Introduction

In this chapter, a mass-spring coupled oscillatml@gy and analytical expressions of
Lorentzian and Fano line shapes based on Maxvwegilgtions have been used to explain the
Fano resonances instead of hybridization modekrRdmic nanostructures exhibiting bright
and dark modes and Fano resonances have beensuligesproduce using the mechanical
analogy and analytical formulae of Lorentzian aaad-line shapes. These analysis make the
existence and understanding of Fano resonances @asomplex plasmonic nanostructures.

7.2. Mass-spring coupled oscillator analogy

Fano resonances have been analyzed in various @é@smanostructures but the in-
depth theory illustrating Fano resonances is compled difficult to understand. For this
reason, the analogy of Fano resonances in plasnsgatems to the classical resonances in
the harmonic oscillator system has been reportegntyy [27, 65, 132]. The coupled
oscillator model offers an admirable explanation tbe plasmon coupling and the
corresponding optical response of the nanostructure

The nanostructure, we take into our considerasoa three dimensional gold-silica-gold
multilayered nanocone (MNC) having dimensions 4&6(0/85,95 nm. The illuminating
electromagnetic field is linearly polarized, theddtic field is directed along and the wave
propagates irz-direction. The scattering spectra of MNC nanostme consists of a broad
bright mode and narrow dark mode and the coupling iaterference of the two modes
results in a Fano resonance as shown in figurd)/ (b{ue circles). The optical response of
this nanostructure can be described by using a amécdl analogy of coupled oscillators

shown in figure 7.1(a). All the mass values arestgred to be 1. Oscillat¢1> is driven by
the time harmonic forcg(t), which is analogous to the optical excitation & guperradiant
bright mode. The subradiant dark modes are reptesdry oscillators2) and |3), which
will be excited only by coupling with oscillat¢1> [27, 54]. The equations of motion of the

oscillators|1), |2) and|3) are,

X, (1) + 9%, (1) + U x () - WEXL D -WEx )= Fe™
X, (1) + G,%,(1) + B X,(1) -WEx( ) -W2x{9=0 (7.1)
Xa(t) + g3X3(t) + W23 Xs( t) - W123X1(t) - W223X£ D =0

wherexi, X, andxs are the displacements of each oscillator from trespective equilibrium
position, 1, » and 3 are the superradiant dipole, subradiant quadrupal octupole
frequencies, 12, 13and »3take into account the coupling between the moddsa », and
3 are the “friction coefficients” taking into accduboth radiation and metal losses. By

solving equations (7.1), we find the absorbed pdwen the oscillatodl},
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(7.2)

where k = jgw- w+ W, k,=jgw w+ i and k,= jg,w- w+ . The free
parameters are identified in such a way tRét) fits the extinction cross section of the
nanostructure. We obtain the following values foe toupling frequencies:1s> = 7= 0

and 1°= 0.792. The other parameters are= 1.857 eV, ,=1.703 eV, ;= 0.252 and, =
0.011.

Figure 7. 1. (a) Three mass-spring coupled osoillatodel. Oscillat0||1> is driven by the time harmonic force
F(t). (b) Comparison between extinction cross sectibmbC computed with FEM (blue circles) and the
absorbed power by oscillat4)1> (red solid line) using coupled oscillator analogy.

Figure 7. 2. Comparison between extinction spectafnMNC computed with FEM (blue circles) and the
absorbed power by oscillat4)1> (red solid line) using three mass-spring couplsdilator analogy at = 90.

Next we rotate the MNC nanostructure @@oundy-axis due to which the incident field
becomes aligned with the nanopatrticle axis. Far @ixially polarized light, we obtained three
extinction peaks in the spectrum as shown in figdr2. The broad peak represents
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superradiant bright dipole mode, while the othes tvarrow peaks represents subradiant dark
dipole modes. In this nanostructure, we obtaineal diipole-dipole Fano resonances. We
used equation (7.2) to reproduced the optical mespmf this nanostructure, which agrees
well with the extinction spectra calculated usirigM-as shown by the red line in figure 7.2.
The parameters obtained are= 2.161 eV, ,=1.923 eV, 3=1.578 eV, 1=0.496, ,=
0.067, 3= 0.084, /= 0.579, 15 = 0.622 and 5 = 0.003. So here, the three coupled
oscillator analogy yields twin dipole-dipole Faesonances.

The effect of symmetry breaking has been introdugedtwo types of conical
nanostructures for a @otation. The first one is a single conical namiis{CNS), where the
inner core has been displaced 12 nm inytdirection to make a non-concentric CNS (NC-
CNS) and the second one is MNC nanostructure, wiherenner core has been offset 18 nm
in a similar style to make a non-concentric MNC ¢(NIBIC). By considering the NC-CNS
nanostructure first, a dark quadrupolar and octpoiode emerges in the spectrum at the
higher-energy level, which couples to the supeamtddipole mode due to near field and

induces Fano resonances as shown in figure 7.3(&3.oscillator|2> in figure 7.1(a)
represents a quadrupole mode while the oscill|a’3>orepresents an octupole mode. Both the
oscillators|2) and|3) are connected to oscillat{l . So the two subradiant modes related to
Fano resonances can only be excited by coupliny thé oscillatodl) . There is also a week
coupling between oscillatotg) and|3), so a slight red-shift of the subradiant octupotede
will occur because of the additional interactioregween the subradiant oscillatda and

|3>. By using equation (7.2), the optical respons®&GfCNS is successfully reproduced as

shown by the red lines in figure 7.3(a). Both then®& resonances and higher order dark
hybridized modes are well replicated. The pararsatbtained are ; = 1.556 eV, ,=1.794
eV, 3=1.589 eV, ;=0.173, ;= 0.107, 3= 0.006, 1,°= 0.470, 15 = 0.70 and 2’ =
0.532.

Now by taking the second symmetry reduced nandstrei¢.e., NC-MNC, we obtained
four peaks and higher order Fano resonances iextiection spectrum, which is calculated
using FEM as shown in figure 7.3 (c) (blue circlels) this case, the three mass-spring
analogy is not sufficient to produce the resporfdd@-MNC with four extinction peaks. For
this reason, the three oscillator model has bet&nderd to four oscillator model as shown in

figure 7.3(b). The equations of motion of the datiirs|1), |2), |3), and|4) are,

Xl(t) +ng1(t) + fol( t) -W212X2(t) 'Wzlaxi D -W 214X£ D = Feim
Xz(t) +g2X2(t) + ngz( t) 'W212X£ D 'W223X£ D 'W224X£ D =0
Xe(t) +g3x3(t) + V’;s Xs( t) 'W213X£ D 'W223X£ D'W234X£ ) =0
X4(t) +g4x4(t) + Wi X4( t) - W124X1(t) -W 224)(2(0 -W 234Xi t) =0

(7.3)

We ignored the weak coupling strengthsf, 24* and 3s°) between the oscillatork?) ,

|3) and|4) to make the equation simpler. By using these astang) we solve equations
(7.3) and reproduced the extinction spectra of NE&Mdue to the power absorbed by
oscillator|1> from the external force as shown by the red lingare 7.3(c). The parameters
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achieved are 1=1.882 eV, ,=1.786 eV, 3=1.959 eV, 4,=1.388 eV, 1=0.504, ,=
0.0104, 3= 0.233, ,= 0.034, 1,°=0.70, 1= 0.536 and 14°= 0.674. The results agree
well with each other, which indicate that the higleeder Fano resonances obtained in
plasmonic nanostructures can be described well Hgy mhass-spring coupled oscillator
analogy. So the mass-spring analogy has a greabiigy to fit to nanoscale systems but it
demands many masses to correctly fit for higheeondodes of the nanoscale systems.

Figure 7. 3. (a) Comparison between extinction speaf NC-CNS with 12 nm core offset, computed vi#aM
(blue circles) and the absorbed power by oscilIa{&}r (red solid line) using three mass-spring coupled

oscillator analogy. (b) Four mass-spring coupledliasor model. Oscillator|1> is driven by the time harmonic
force F(t). (c) Comparison between extinction spectrum of MBE with 18 nm core offset computed with
FEM (blue circles) and the absorbed power by camiltl|l> (red solid line) using four mass-spring coupled
oscillator analogy.
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7.3. Analytic expressions of Lorentzian and Fano gmmetric
line shapes

We know from our previous knowledge that Fano rasges have been studied both
experimentally and numerically in a wide range lalsmonic nanostructures and the optical
response of the nanoparticles are mostly fitted examined using coupled oscillators and
other phenomenological models [13, 27, 36, 54].0Althe quantum mechanical model
suggested by Fano does not describe the role dhsitt losses inherent to plasmonic
systems, which is particularly significant becatise mechanisms of energy transfer and
energy losses in Fano resonant plasmonic systemsessential to understand. So, the
interaction of the bright and dark modes in lossgtanals is explained by Gallinet and
Martin by developing a theory based on Maxwell's&ipns using the approach of Feshbach
formalism [68, 133]. They have proposed generalyéinal expressions for the Lorentzian
and Fano asymmetric line shapes with different ipatars, where the existence of the two
modes and their interactions can be clearly redlj2é].

The symmetric Lorentzian line shape, which represstre resonance of a bright mode as
a function of frequency is given by

a.2

(W - /20w )+ 1

s w)=

(7.4)

where a’ is the maximum amplitude of the resonance, ‘is the resonance frequency, and
‘WL is spectral width. The asymmetric Fano line shagech arises from the interference of
bright and dark modes is given by

2
el 0, t+hy
B FOEG
SenW) = 5 (7.5)
WA - Ug,.
F (i) +1
ANy k)

wherei =1, 2, 3..., ' ¢ is the resonance central spectral positidfy,’ is the spectral width,
‘q’ is the asymmetry parameter, amd is the modulation damping parameter emerging with
intrinsic losses. The overall line shape of thesplanic nanostructure is given by the product
of symmetric and asymmetric resonant spectra.

sStWw)=s W) ;W) (7.6)

Several plasmonic nanostructures have been deratetstind their optical responses are
fitted with the analytical expressions. For all thenostructures, the illuminating
electromagnetic field is linearly polarized, theddtic field is directed along and the wave
propagates ia-direction.
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Figure 7. 4. Scattering spectra of MNS. Blue cscleumerical simulation (FEM) and red solid ling:\fith
equation (7.6)Panel (b)-(f) Different asymmetric line shapesaitéd by varying the value gfusing equation
(7.5). In panel (e), asymmetric line shapes a@gragtl using different values qf Panel (g)-(h) shows the effect
of the damping parametbron the line shape.
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We first consider a concentric three dimensionadl-gdica-gold multilayered nanoshell
(MNS) and fit its scattering spectra with equat{@r6). The MNS nanostructure consists of a
broad bright mode and narrow dark mode and thelcwuand interference of the two modes
results in a Fano resonance as shown in figureWedfit the scattering spectra of MNS with
equation (7.6) and obtained a very good agreenktate the Lorentzian shape represents the
bright dipolar mode while the Fano shape represthietsnterference between the bright and
dark dipolar modes. The fit parameters obtainedaare0.547, | = 2.174 eV\W_ = 0.259
eV, r=1.871eVW:=0.046 eVg=-0.561 and = 0.739. All these parameters are used
to reconstruct the bright and dark modes of MN&e Tilie shape of the asymmetry parameter
g is shown in figure 7.4(b) using equation (7.5)eTgn ofq is monitored by the frequency
difference between the bright and dark modes [2243]. By changing the parameters of the
MNS, the sign ofj flips from -0.561 to 0.561, Panel (c). The frequiea of both the bright
and dark modes will also be reversed in this cBs¢h the asymmetry parametgrand the
modulation damping parameterare the shape parameters and depend on how threares
is examined. Wheq = 0, a symmetric dip emerges in the spectrum, lvliknown as Breit-
Winger dip as shown in panel (d) [10, 13]. Pangkfews different values @f representing
asymmetric line shapes, which are also known abldéet resonances [10, 13]. For larger
absolute values of the asymmetry parameter, the dimpe appears more as symmetric,
although the Fano nature would be still there, Wiuan be recognized by the local minimum
on one side of the peak. Panel (f) shows the caseesy , here the line shape obtained is
Lorentzian because the Fano character is entiisBpgeared, such resonance is also called
Breit-Wigner resonance [10, 13]. These resonancescammon in atomic and nuclear
scattering and are achieved well in plasmonic nancisires. Figures 7.4(g) and (h) shows
the parametdp at two values of). It has been observed thaproduces a spectral broadening
and damping of the asymmetry parameter. For vegelaalue ob, the resonance appears as
symmetric and adopts the shape of the responsa giveanel (f). So both the parametbrs
andq jointly describe the shape of resonance [68].

Figure 7. 5. (a) Scattering spectra of DNS nanosire. Blue circles: numerical simulation (FEM) aed solid
line: fit with equation (7.6) Green line represents the Lorentzian peak obtafnemh equation (7.4). (b)
Asymmetric line shape acquired directly from equmi(7.5).

The next nanostructure we considered is a doubfeertric silica-gold-silica-gold
nanoshells (DNS) having dimensions 18/30/45/70 mis structure also exhibit a broad
superradiant mode (bright) and a narrow subradiade (dark). The near field coupling of
the two modes results in a Fano resonance as sindiigure 7.5(a). The scattering spectra of
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DNS shows a good agrement by fitting with equa{ié®) as shown in figure 7.5(a). The
fitting parameters obtained ase= 0.529, | = 2.190 eVW_ = 0.215 eV, =1.721 eVW:-
=0.033 eVvVg=-0.770 and = 0.940. The green line shows the line shapeebtight mode
extracted using equation (7.4), which is obtaireacty at the same spectral position. Figure
7.5(b) shows the asymmetric line shape obtainatyusguation (7.5).

Figure 7.6 demonstrates the scattering spectra ajold-silica-gold multilayered
nanodice (MND) having dimensions 40/60/95 nm. Timnostructure exhibits the similar
broad bright and narrow dark modes and a dipoleldifrano resonance. The scattering
spectra of MND fitted with equation (7.6) showsaod agreement as shown in figure 7.6(a).
The fit parameters acquired axe 0.557, | =2.190 eVW_ =2.181¢eV, =1.772 eVWr
=0.038 eVg=-1.173 and = 0.996. The green line shows the line shapeebtight mode
obtained using equation (7.4). Figure 7.6(b) shthvesasymmetric line shape extracted using
equation (7.5).

Figure 7. 6. (a) Scattering spectra of MND nanastme. Blue circles: numerical simulation (FEM) ared
solid line: fit with equation (7.6)Green line represents the Lorentzian peak obtdirmed equation (7.4). (b)
Asymmetric line shape acquired directly from equai(7.5).

Figure 7.7(a) shows the geometry of a gold-silioldgmultilayered nanoellipsoid
(MNE). Here E; denotes the inner ellipse having dimensi@asemiaxis = 40 nmjy-
semiaxis = 30 nmg;-semiaxis = 30 nnE, denotes the middle ellipse having dimensians
semiaxis = 60 nmy,-semiaxis = 40 nnt-semiaxis = 40 nm an; denotes the outer ellipse
having dimensionsas-semiaxis = 75 nmjyz-semiaxis = 55 nmgcs-semiaxis = 55 nm,
respectively. The scattering spectra of MNE shayoad agreement by fitting with equation
(7.6) as shown in figure 7.7(b). The fit parametartained area = 0.537, | = 2.145 eVW_
=0.174 eV, =1.522 eVW: = 0.030 eVg = -1.626 and = 0.830. The green line shows
the line shape of the bright mode obtained usingaggn (7.4). Figure 7.7(c) shows the
asymmetric line shape obtained using equation.(7.5)
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Figure 7. 7. (a) Sketches of single three dimeradioanoellipsoid and top view of a concentric MNB)
Scattering spectra of MNE nanostructure. Blue eschumerical simulation (FEM) and red solid lifiewith
equation (7.6)Green line represents the Lorentzian peak obtafreed equation (7.4). (c) Asymmetric line
shape acquired directly from equation (7.5).

Figure 7.8 shows the scattering spectra of a cdncegold-silica-gold multilayered
nanocylinder (MNCD) having dimensions 20,60/30,558% nm. Both the bright and dark
modes of MNCD fitted well with equation (7.6) asim in figure 7.8(a). The fit parameters
obtained ar@a = 0.553, | =2.253 eVW_=0.178 eV, =1.581 eVW: =0.032 eVg = -
2.393 andb = 2.304. The green line shows the line shape ebtight mode obtained using
equation (7.4). Figure 7.8(b) shows the asymmétrecshape obtained using equation (7.5).

Figure 7. 8. (a) Scattering spectra of MNCD nanastire. Blue circles: numerical simulation (FEMYdared
solid line: fit with equation (7.6)Green line represents the Lorentzian peak obtdireed equation (7.4). (b)
Asymmetric line shape acquired directly from equai(7.5).

Figure 7.9 shows the scattering spectra of a cdriceMNC having dimensions
40,50/55,65/85,95 nm. The scattering spectra sl@ogsod agrement by fitted with equation
(7.6) as shown in figure 7.9(a). The fit parametdtained area = 0.557, | =2.031 eVW_
= 0.153eV, ¢ =1.509 eVW: = 0.036 eVq =-1.718 ant = 2.970. The green line shows
the line shape of the bright mode obtained usingaggn (7.4). Figure 7.9(b) shows the
asymmetric line shape obtained using equation .(fh3)gure 7.9(c), we considered the same
geometry but with different dimensions i.e., 306070/85,95 nm. The scattering spectra is
fitted with equation (7.6). The fit parameters ah¢al area = 0.706, | = 1.686 eV,W_ =
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0.086 eV, r=2.068 eVW:=0.084 eVq = 1.260 and = 1.045. Here both the inner core
and middle silica layer have been changed due tchaine dark mode blue-shifts and the
resonant frequency of asymmetric line shape igeshirom 1.509 to 2.068 eV. The phase of
the bright mode is also switched and the sigu @fps from -1.718 to 1.260. Figure 7.9(d)
represents thg, where the sign has been changed by varying therdiions of MNC. Thus,
we can flip the asymmetry parameter by changingltrensions of the nanopatrticle.

Figure 7. 9. Some typical fits of the scatteringapa of MNC using equation (7.6). (a) Shows a cabere the
energy position of the dipolar bonding mode is low®n the position of the broad dipolar antibogdmode
while in (c) the opposite is true. The calculatE&) and fitted curves are shown in blue circled ead line,
respectively and the contribution of the Lorentzipgak was graphed using a green line. The obtained
asymmetric Fano line shapes are represented an¢bjd) using equation (7.5).

The progress in asymmetry parametedampingb, spectral positions and line widths of
both the dark and bright modes with the variatibimmaer metallic cone’s radius and height
in MNC nanostructure are shown in figure 7.10. Hissolute value of thg increases by
increasing Rand then flip its sign from positive to negatiweflarther increasing R Figure
7.10(a). Here the spectral position of the dark ensdrpasses the value of the bright mode.
The modulation damping parameter shows almost stanohvalue between;R 20 to 30 nm
and then increases rapidly. At R 45 nm, the value df droped sharply as shown in figure
7.10(b). Both théb andq are the shape parameters. By changing one ofaftameter will
change the total shape of the asymmetric reson@2;e39, 41]. Figure 7.10(c) shows the
spectral positions of both the bright and dark nsotta various values of R When R
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increases from 20 to 30 nm, the spectral positminboth the bright and dark modes are
almost the same. By further increasgs tRe asymmetric resonance strongly blue-shift. The
bright mode’s phase is also reversed. The energy ishthe asymmetric resonance is
observed to be very large compared to its symmetienterpart by varying R Figure
7.10(d) shows the widths of both bright and darkdeso The width of the dark mode
increases and then decreases sharply by increRsing/hile the bright mode’s width gets
broadened with the increase in. R

Figure 7. 10. (a) Asymmetry parameter (b) DampitjgSpectral position and (d) Width of the symmetnal
asymmetric resonances, obtained from the fits,fas@ion of R for all the analyzed cases.

Figure 7.11 shows the scattering spectra of a eunceVINC by rotating the structure
90 aroundy-axis having dimensions 40,50/60,70/85,95 nm. Hie incident light is
polarized along the nanoparticle axis and we obthihree scattering peaks and twin dipole-
dipole Fano resonances in the spectrum. To vertfyanalysis, we used equation (7.6) to fit
the scattering spectra of MNC and a very good agee¢ has been obtained. Since we have
three peaks in the spectrum, so another asymntetnc has been added to equation (7.6)
because here the bright dipolar mode is modulaiedwo Fano-like resonances. The fit
parameters achieved age= 0.522, | =2.150 eVW_ = 0.173 eV, g@u) = 1.513 eV W) =
0.045 eV,q(l) = 0.264,b(1) = 2.011, F2) = 1.881 eV,VVF(z) =0.041 eV,Q(z) = -0.406 and)(z)
= 0.979. Unlike all the previous examples, the fifjthe first asymmetry parameter observed
here is positive although the asymmetric reson@ntmated on the lower energy shoulder of
the symmetric resonance. However, the second asymperameter has the similar negative
sign like in the previous examples. Figure 7.11¢bpws the line shapes of both the
asymmetric resonances with different signg.ofo our knowledge, this kind of simultaneous
sign reversal occuring in a concentric nanostrechas never been reported before. This type
of nanostructure, where dual dipole-dipole Fan@maaces are observed, shows advantage
over asymmetric nanostructures, as they are sitapkynthesize and can be utilized in a
broad range of technological applications.
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Figure 7. 11. (a) Scattering spectra of MNC namms$tre at = 90. Blue circles: numerical simulation (FEM)
and red solid line: fit with equation (7.6preen line represents the Lorentzian peak obtaireed equation
(7.4). (b) Asymmetric line shapes acquired direfriyn equation (7.5).

Figure 7. 12. (a) Scattering spectra of NC-MNC msn@ture with 12 nm core offset. Blue circles: muital
simulation (FEM) and red solid line: fit with eqiat (7.6) Green line represents the Lorentzian peak obtained
from equation (7.4). (b) Asymmetric line shapesuiieg] directly from equation (7.5).

We also validated the analytical expressions ofehtwian and Fano line shapes to a
symmetry broken nanostructures. The nanostruct@echwose is MNC having dimensions
40,50/60,70/85,95 nm. In order to break the symynetrthe structure, we offset the inner
core 12 nm in the-direction to make a NC-MNC. The scattering speutef NC-MNC is
demonstrated in figure 7.12(a) where we obtain@dldiand quadrupole Fano resonances at
the lower-energy side. We used equation (7.6) layn@danother asymmetric term and fitted
with the scattering spectra of NC-MNC. Here the dmirzian shape represents the bright
dipolar mode while the first Fano shape repres#rgsinterference between the bright and
dark dipolar modes and the second Fano shape espsethe interference between bright
dipolar mode and dark quadrupolar mode. A very gagrkement has been obtained. The fit
parameters achieved aaie= 0.661, | = 2.059eVW_ = 0.118 eV, g1 = 1.486 eV Wk =
0.041 eV,gu) = -2.161,b) = 3.368, ) = 1.904 eV W) = 0.067 eVgp) = -0.779 and
= 1.185. Since both the asymmetric resonancesoaated at the left energy shoulder of the
symmetric resonance, so the signgjaibtained are negative. The green line represésts t
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Lorentzian line shape extracted from equation (7/gure 7.12(b) shows the asymmetric
line shapes by using both the values).of

We next move the inner cone further more (18 nmyIdC nanostructure due to which
an octupole Fano resonance is also come into viadheadower-energy side in the scattering
spectrum as shown in figure 7.13(a). Two asymmeé&ims have been added to equation
(7.6) and fitted with the scattering spectrum of-MGIC. Here the bright dipolar mode is
modulated by the three Fano-like resonances. Tipafameters obtained aae= 0.586, | =
2.064 eVW_ = 0.141 eV, gq) = 1.330 eVWe) = 0.025 eV gy = -0.900,b1y = 2.037, )
= 1.675 eV,WF(z) = 0.052 eV,Q(z) =-1.316 and)(z) = 1.562, F(3) = 1.845 eV,VVF(g) = 0.052
eV, g3 = -0.706 ands) = 4.280. All the values af are observed to be negative as expected
because all the asymmetric resonances are locateéddealower-energy shoulder of the
symmetric resonance. The green line representd.dhentzian line shape extracted from
equation (7.4). Figure 7.13(b) shows the asymmaétré&cshapes which are obtained by using
the numerical values of the parameters.

Figure 7. 13. (a) Scattering spectra of NC-MNC msn@ture with 18 nm core offset. Blue circles: muital
simulation (FEM) and red solid line: fit with eqiat (7.6) Green line represents the Lorentzian peak obtained
from equation (7.4). (b) Asymmetric line shapesuiiegl directly from equation (7.5).

The analytical expressions of Lorentzian and Fasymanetric line shapes based on
Maxwell's equations enables the control of the lem@ape of plasmonic nanostructures and
such nanostructures can be designed with speggctsal responses for applications like
sensing, PIT and switching [41].

7.4. Conclusion remarks

In this chapter, the observation of higher ordemd~aresonances in plasmonic
nanostructures are explained by a mass-spring edupscillator analogy and analytical
expressions of Lorentzian and Fano asymmetric dimgpes based on Maxwell's equations.
The oscillator model presents a straight forwardchmaeical analogy to the coupling
perceived in plasmonic nanostructure. Howeveremands many masses to correctly fit for
higher order modes of the nanoscale systems. Talgtaal expressions based on Maxwell’s
equations clearly describe the existence of Fasonances in plasmonic nanostructures. The
spectral position of the asymmetric resonance imioed by the subradiant dark mode's
frequency and perturbed by its coupling to the s@ogant bright mode. The coupling of
modes also provides the width of the asymmetriorrasce. The analytical expressions
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enables the control of the line shape of plasmparstructures and such nanostructures can
be designed for specific applications like sensiid, and switching.

100



Chapter 8

Summary

The work presented in this thesis provides a deapderstanding of the interactions
between plasmon modes of neighboring metallic nanimpes. We started our study from a
multilayered spherical nanostructures and examitied fundamental properties of Fano
resonances. Different kinds of new symmetry brealschemes have been introduced to
generate higher order Fano resonances. Two typeamafstructures have been investigated;
a multilayered nanoshell and double nanoshellsh Buo# structures were established to offer
distinct Fano resonances. The double nanoshell eth@vbetter tunability of the resonant
modes due to which it may be a good option for ladiwal applications. However, the
multilayered nanostructure provide multiple Fansoreances with comparitively large
modulation depth, which can be used for plasmosdimaping and multi-wavelength SERS.

The effect of Fano resonances have also been igatsi in the multi-component
structure based on nanocones, which is proved dwige multiple Fano resonances with
large modulation depths. Such nanostructure isa@iserved to be highly dependent upon the
polarization of incident light due to which a sdt unigue Fano resonances have been
achieved. The modulation depths of one or morénefnhultiple Fano resonances examined
in spherical nanostructures are observed to be wdakh is a disadvantage for plasmon line
shaping. However, the multilayered nanocone straasifound to exhibit prominent tunable
Fano resonances with large modulation depths dwéhtch it is highly suitable for plasmon
line shaping by modifying the plasmon lines at wasi spectral locations simultaneously.

The idea of multilayered coated nanostructures hmean extended to cubic, elliptical
and cylindrical nanostructures with multi-comporgenThese nanostructures exhibit the
similar bright and dark modes and Fano resonancestd which, we end up with a
conclusion that this trend is very general in baigt coated nanostructures. Among these
nanostructures, the multilayered nanocylinder werdfied to be greatly dependent upon the
incident field polarization like the multilayerecamocone. A comparison of multilayered
conical and cylindrical resonators has also beeamaxed for the symmetric case, which
proved that the conical resonator has the potetttipfovide multiple Fano resonances with
large modulation depth even in the concentric case.

Plasmonic Fano like resonances have also beenzadalg a single conical nanoshell
structure, which contains only a single metal pie€ich nanostructure also offers
dimensional angularly selectivity of the plasmopioperties like the nanocups and gold
nanoshell with holes but it has an advantage tdbéxdfano resonance in the spectrum, which
can be used for additional applications like PI@ awitching. The asymmetric single conical
Fano resonator is found to be highly capable in ¢gleeeration of higher order Fano
resonances, which may be suitable for plasmon $haping and SERS. The spectral
sensitivity of asymmetric conical Fano resonatoth® surrounding medium is also studied
and high values of figure of merit and contrastioradre observed, which shows the
performance of Fano resonator as a biological senso

We also report the effect of Fano resonances inpilarization dependent dimer
nanostructure based on gold nanocones. Severabuaaation of the conical nanodimer have
been demonstrated, which suggest that the plasmaplicg in the dimer is not only
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dependent on the interparticle distance and sizaeianoparticles but also on the spatial
arrangement of the two components. The tunablengtfano-like resonance in the dimer
resonator can be useful for PIT and the local fieks in the “hot spots” are essential for the
near field applications.

Eventually, the optical responses of different Famsonators were successfully
replicated through the mass-spring coupled osocillanalogy and the analytical model of
Fano and Lorentzian line shapes developed by @alind Martin. These analysis make the
existence and understanding of Fano resonances @gasomplex plasmonic nanostructures.
The results obtained in this thesis open up thearidgeous possibility of using the Fano
resonance band for plasmon line shaping, PIT, bwmitcand SERS applications.
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