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Abstract We present a computational study of the plas-
monic response of a gold—silica—gold multilayered nano-
structure based on truncated nanocones. Symmetry
breaking is introduced by rotating the nanostructure and
by offsetting the layers. Nanocones with coaxial multilayers
show dipole—dipole Fano resonances with resonance fre-
quencies depending on the polarization of the incident light,
which can be changed by rotating the nanostructure. By
breaking the axial symmetry, plasmonic modes of distinct
angular momenta are strongly mixed, which provide a set of
unique and higher order tunable Fano resonances. The plas-
monic response of the multilayered nanocones is compared
to that of multishell nanostructures with the same volume
and the former are discovered to render visible high-order
dark modes and to provide sharp tunable Fano resonances.
In particular, higher order tunable Fano resonances arising
in non-coaxial multilayer nanocones can vary the plasmon
lines at various spectral regions simultaneously, which
makes these nanostructures greatly suitable for plasmon line
shaping both in the extinction and near field spectra.

Keywords Nanocones - Plasmon coupling - Higher order
hybridized modes - Fano resonance - Symmetry breaking
Introduction

Surface plasmons, which are the combined oscillations of
conduction and bound electrons in metallic nanoparticles
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driven by an external electromagnetic field at optical frequen-
cies, are accountable for the considerable enhancement of the
electric field in the vicinity of metallic nanoparticles and for
the rich and complex features of the scattered light. The
surface plasmon resonances strongly depend on the nanopar-
ticle shape, the nature of metal, and the refractive index of the
surrounding media [1]. A number of applications, such as
chemical and bimolecular sensing, photothermal cancer ther-
apy, metamaterials, and surface-enhanced Raman spectrosco-
py [2, 3], are based on surface plasmons. Numerous
geometries have been proposed to match the needs of the
applications such as nanospheres [4], nanoeggs [5], nanocups
[6], rods [7], circular disks [8], rings [9], and ellipsoids [10]. In
the recent times, complex nanostructures, like plasmonic
nanoshells [5], dimers [11], trimers [4], quadrumer clusters
[12], heptamers [13], pentamers [14], and nanoparticle chains
[15], have received a huge amount of attention.

The plasmon oscillations of multilayer nanoparticles can be
explained in terms of the interaction between the plasmon
modes of the single parts of the nanostructure, as they act
one by one. For example, the plasmon modes of a metallic
nanoshell, composed of a dielectric core and a metallic layer,
can be considered as arising from the interaction between the
dipolar mode of the metallic sphere |s) and the dipolar mode of
the dielectric cavity |¢) [16]. The hybridization of the sphere
and cavity plasmons created two new plasmon modes, that is,
the higher energy-antibonding mode |+) and the lower energy
bonding mode |—), corresponding to the antisymmetric and
symmetric interactions between the |s) and |¢) modes,
respectively. A more fine classification consists in distinguish-
ing the plasmon modes of these nanostructures in superradiant
and subradiant modes. A superradiant plasmon mode radiates
strongly because the dipole modes of the single parts of the
multilayer nanostructure are aligned and oscillate in phase,
instead a subradiant plasmon mode radiates weakly because
the dipolar modes of single parts are aligned oppositely.
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Multilayer nanostructures display Fano-like resonances in
their optical spectra, which appear from the coupling and
interference of bright and dark plasmon modes. The Fano-
like shape is quite different from the symmetric Lorentzian
resonance and it is analogous to the electromagnetic-induced
transparency [17]. The interactions between hybridized
bright modes and dark modes can be increased through the
symmetry breaking, due to which bright dipolar modes both
constructively and destructively interfere with the higher
order dark multipolar modes, which results in additional
Fano resonances [8, 18]. The symmetry breaking conception
has been initiated in a variety of plasmonic nanostructures to
attain higher order Fano resonances. In plane ring/disk nano-
cavities, offsetting the central disk results in a coherent
interaction between the bright dipolar mode of the disk and
dark multipolar mode of the ring, which engenders dipole—
quadrupole Fano resonances. In nanoparticle aggregates,
modifying the size of one of the nanoparticles or the gap
between the nanoparticles results in a coupling between
bright and dark modes of the structure. Depositing a nano-
particle on a dielectric substrate can also initiate a coupling
between dark and bright plasmon modes. Removing a wedge
from a metallic nanodisk results in the interaction between a
hybridized dipolar plasmon mode of the disk and a narrow
quadrupole mode of the wedge-shaped slice, which exhibit a
Fano resonance in the optical spectrum. In three-dimensional
multilayered nanoshells, displacing the central metallic core
can initiate a coupling between dark quadrupolar modes and
bright dipolar modes due to which higher order Fano reso-
nances can be perceived in the optical spectrum. All the
above-mentioned nanostructures have been recently success-
fully fabricated and theoretically analyzed using different
analytical and numerical techniques [8, 18-21].

In this paper, we investigated the plasmon coupling in
multilayer nanostructures based on silica and truncated gold
nanocones, which can be fabricated by methods described in
[18, 22]. The unique feature of multilayered conical nano-
structures is that a symmetry breaking in the coupling mech-
anism with the incident electromagnetic field can be simply
obtained by rotating them. This cannot be accomplished in
nanostructures with spherical symmetries. We started our dis-
cussion from a single gold nanocone and moved towards
coaxial multilayered nanostructures. Fano resonances are
achieved at different frequencies by rotating the nanostructure
axis with respect to the incident polarization. Furthermore, the
axial symmetry has been broken in two manners. First by
offsetting the inner gold cone with respect to the outer shell
to make a non-coaxial multilayer nanostructure and then by
offsetting both the inner gold cone and middle silica cone to
make a multilayered nanoegg cone, which provide unique
higher order tunable Fano resonances. The extinction spectra
of all the nanostructures are proved to be strongly dependent
on the angle and polarization of the incident light. Eventually,
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the optical response of the multilayered nanocones is com-
pared to the concentric and nonconcentric multilayered nano-
spheres and the former nanostructures are discovered to
provide higher order dark modes and sharp tunable Fano
resonances than the latter nanostructures.

We studied the extinction spectra, the distribution of the
induced surface (free and bond) charges, and the near field
enhancement of silica—gold nanostructures with truncated
conical shape. The optical properties of the proposed nano-
structures were not very sensitive to the precise value of the
semi-angle « of the conical shape, thus we chose «=27°. The
near and far field optical responses were computed by COM-
SOL Multiphysics software with the RF module. Johnson and
Christy data have been utilized for the dielectric constant of
the gold [23]. The embedding medium was considered air for
all the considered cases.

The incident light was a time harmonic linearly polarized
plane wave. We used a Cartesian reference system (x, y, z)
with the x-axis parallel to the electric field of the incident wave
and the z-axis parallel to its propagation direction. We ana-
lyzed the optical properties of the nanoparticles by rotating its
axis around the y-axis of an angle 6, from §=0° to 90° (Fig. 1).
For 6=0°, the incident light propagates along the nanostruc-
ture axis and its electric field is directed transversally, instead
for 6=90°, the incident light propagates transversally to the
nanostructure and its electric field is directed longitudinally.

Optical Properties of a Multilayered Nanocone

In order to better understand the optical properties of a
multilayer gold—silica—gold nanocone, it is appropriate to
first study a gold nanocone and then a silica—gold conical
nanoshell. The optical response of the multilayer nanocone
is analyzed by using the plasmon hybridization theory [16].

Gold Nanocone

We consider the truncated gold nanocone (NC) shown in
Fig. 2a. Its radius R, and its height A, are 85 and 95 nm,
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Fig. 1 Sketch of the nanostructure. The incident field is linearly
polarized along the x-direction and propagates along the z-direction.
The nanoparticle axis is rotated around the y-axis of an angle 6 from 0°
to 90°
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respectively. The extinction spectrum is slightly affected by
rotating its axis around the y-axis, as shown in Fig. 2b. The
resonance peak at §=0° (blue line) is relevant to the trans-
verse dipolar mode as it is corroborated by the charge
distribution on the gold surface at 605 nm shown in the
inset of Fig. 2b. By increasing 6, the peak amplitude of the
transverse dipolar mode weakens, shifts towards the blue,
and an axial dipolar mode appears. At 6=90° (purple line),
the dipolar mode is purely axial, as it is confirmed by the
surface charge distribution at 556 nm shown in the insets of
Fig. 2b. These extinction spectra are typical of gold nano-
particles with cylindrical symmetries.

Silica—Gold Conical Nanoshell

We consider now a conical nanoshell (CNS) composed of a
conical silica core, with a relative dielectric constant of 2.04,
and a coaxial gold conical shell surrounding the silica cone
(Fig. 3a). The dimensions are R;=85 nm, H;=95 nm/R,=
60 nm, and H,=70 nm. This nanostructure is obtained by
replacing the inner part of the truncated gold nanocone with
a truncated silica cone.

We first discuss the optical properties of the CNS for
0=0°. They can be understood by using the plasmon hy-
bridization theory [16]. The plasmon oscillations of the CNS
arise from the interaction of the plasmon oscillations sup-
ported by the solid gold nanocone and the silica cavity in a
gold environment. The interaction occurs between the trans-
verse dipolar mode of the gold nanocone and that of the
silica cavity, which splits the transverse dipolar mode into
the higher energy antibonding mode |w,) and the lower
energy bonding mode |w_). The antibonding mode arises
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from the antisymmetric coupling between the cone and
cavity dipolar modes, which is characterized by a small
electric dipole moment. For this reason, the antibonding
mode does not appear in the extinction spectrum. Instead,
the bonding mode, which arises from the symmetric cou-
pling between the cone and cavity dipolar modes, contrib-
utes significantly to the scattered field.

The extinction spectrum of the CNS is highly influenced
by the rotation of its axis around the y-axis, as shown in
Fig. 3b. For inclined incident wave (0#0°), both the trans-
verse and the longitudinal bonding modes are excited. At
#=0° (blue line), the hybridization phenomenon of the
primitive dipolar modes is stronger than at #=90° (purple
line). The charge distributions on the outer surface of the
gold shell and at the gold-silica interface, relevant to the
transverse (at 694 nm, 6=0°) and axial (at 581 nm,
0#=90°) bonding modes, are shown in the inset of Fig. 3b.
They are the typical distributions of the dipolar charge
configurations.

Multilayered Nanocone

We here consider a truncated multilayered nanocone (MNC)
composed of an inner gold cone, a middle silica layer, and
an outer gold shell, as shown in Fig. 4a (side view) and b
(top view). This nanostructure is obtained by replacing the
inner part of a silica—gold conical nanoshell with a coaxial
gold nanocone. The addition of the inner gold nanocone will
provide an extra degree of tunability as in spherical multi-
layer nanoshells [18, 24-26]. The dimensions of the nano-
structure are R;=85 nm, H;=95 nm/R,=60 nm, H,=
70 nm/R3=40 nm, and H5=50 nm.

—NC 8=0

—NC: 8 = 30" 1
~—=NC: 8= 45"
—NC: 8= 60"
——NC: 8= 90"

605 nm: 8 =0°
0
556 nm: 8 = 90° -1

Wavelength (nm)

Fig. 2 a Gold nanocone with R;=85 nm and /;=95 nm. b Extinction spectra at different angles 6. Inset shows the surface charge distributions

relevant to the transverse (at 605 nm) and axial (at 556 nm) dipolar modes
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Fig. 3 a Silica—gold conical nanoshell with R; =85 nm, H;=95 nm/R,=60 nm, and H,=70 nm. b Extinction spectra at different values of the angle 6.
Inset shows the surface charge distributions relevant to the transverse (at 694 nm) and axial (at 581 nm) dipolar modes

To interpret the optical response of the MNC, we again
employ the plasmon hybridization theory, but at this time,
we apply it to the inner gold nanocone and the outer silica—
gold conical nanoshells [26-28]. Figure 5 shows the extinc-
tion spectra of the MNC for #=0° (transverse polarization of
the incident field), including the extinction spectra of the
inner gold nanocone and the outer silica—gold conical nano-
shell. The extinction spectrum of the inner gold cone is very
similar to that shown in Fig. 2b for §=0°, apart a blueshift of
some tens of nanometers. The hybridization will emerge
between the dipole mode |w,) of the inner gold cone, which
has a resonance at roughly 560 nm, and the dipole-bonding
mode |w_) of the outer conical nanoshell, which has a
resonance at roughly 694 nm. The mode |w;) interacts with
the mode |w_) and two different resonant peaks in the
extinction spectrum as in spherical multilayer nanoshells
arise [18, 27, 29]. The high-energy peak near 600 nm is
relevant to a broad antibonding plasmon mode |cof> ) that

arises from the symmetric coupling between the modes |wp)
and |w_). Instead, the lower energy peak near 811 nm is

relevant to a narrow bonding plasmon mode |a):>< that

)

Fig. 4 Side (a) and top (b) a
views of the gold-silica—gold
multilayer nanocone
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originates from the antisymmetric coupling between the
modes |w,) and |w_). The surface charge distributions in
correspondence of the two peaks and the dip in the extinc-
tion spectrum are shown in the insets of Fig. 5. They are of
dipolar type. The charges are induced on three surfaces: the
air—gold shell interface S (outer surface), the gold shell-
silica shell interface S, (intermediate interface), and the
silica shell-gold cone interface S; (inner interface). At
600 nm, the dipole moment P; of the charge distribution
on S3 and the overall dipole moment P,_, of the charge
distributions on S; and S, oscillate in phase (superradiant
dipolar mode), whereas at 811 nm, they oscillate out of
phase (subradiant dipolar mode). At 719 nm, where a deep
dip appears in the extinction spectrum, the surface charge
distribution is very similar to that corresponding to the peak
at 600 nm, but the intensity of P;_, is much weaker.

The coexistence of the broad dipolar mode ‘a)f> ) and

the narrow dipolar mode ’w:><l), which are resonant over

the same range of wavelengths, can result in a coupling
between them and, therefore, they can produce a dipole—
dipole Fano resonance. Figure 6 shows the extinction
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Fig. 5 Plasmon mode hybridization in the multilayer nanocone with
Ry=85 nm, H,=95 nm/R,=60 nm, H,=70 nm/R;=40 nm, and H;=
50 nm. Bottom and top panels show, respectively, the extinction cross
sections of the gold nanocone and the silica—gold conical nanoshells,

spectra of the MNC with different values of the core—shell
aspect ratio. Here (H1,R;) and (H3,R3) are fixed at (85 nm,
95 nm) and (40 nm, 50 nm), respectively, instead, the values
of H, and R, are increased in such a way to leave unchanged
the semi-angle . The increasing of R, leads to the increase
of the separation between the inner gold core and outer gold
shell and the decrease of the outer gold shell thickness. The
intensity of the |wf> (1) dipole peak decreases significantly
as the radius of the silica R, increases, while its position is
practically unaffected. When the R, value is small, with the
increase of R,, the |a):> ) dipole peak shows a blueshift,
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Fig. 6 Extinction spectra of the multilayer nanocone for different values
of (H,R,) with R;=85 nm, H;=95 nm/R;=40 nm, and H3=50 nm
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while middle panel shows the extinction cross section of the combined
structure. Inset shows the charge distributions corresponding to the
peaks at 600 and 811 nm, as well as to the dip at 719 nm

) and

\w:>(l) modes. They interact through the near field and a

which will enhance the coupling between the |wf>(1

sharp dipole—dipole Fano resonance turns up in the extinc-
tion spectrum, with a Fano dip around 719 nm for R,=
60 nm [15, 27, 28]. When the R, value is large enough, by

increasing further the R, value, the |w”) 1) dipole peak

shows a redshift and the coupling becomes weak. When
the distance is sufficiently high, the |a)j> ) dipole mode

does not couple with the }wf> R dipole mode and, hence,

)
the dipole—dipole Fano resonance vanishes. Thus, by con-

trolling the dimensions of the MNC, we can have a pro-
nounced Fano resonance for the coaxial case as well. Higher
order dark modes do not appear for =0°.

Figure 7 shows the extinction spectra obtained by rotating
the MNC axis around the y-axis for different values of 6 and
the surface charge distributions for §=90° in correspondence
of the peaks and dips in the extinction spectrum. The peak at
807 nm weakens but does not disappear at §=90° like in the
simple CNS. The phase variation of the incident wave produ-
ces a strong hybridization between the axial and transverse
dipolar modes. The surface charge distribution corresponding
to the weakly dip at 758 nm shows a similar hybridization
even if in a more weak form. A new peak at 661 nm emerges
in the spectrum, which clearly shows the appearance of a
further axial dipolar mode, beside that relevant to the peak at
566 nm. The dipolar mode at 566 nm is a superradiant longi-
tudinal mode while that at 661 nm is a subradiant one. The
interaction between them give arises to a dipole—dipole Fano
dip at 638 nm. The charge distribution 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,
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Fig. 7 Extinction spectra of the multilayer nanocone with R;=85 nm, H;=95 nm/R,=60 nm, H,=70 nm/R;=40 nm, and H5=50 nm for different
values of the rotation angle 6. Inset shows the surface charge distributions at five values of the wavelength for §=90°

one at 638 nm and the other at 758 nm, which can be switched
on and off by rotating the nanostructure or by changing the
polarization of the incident field. To our knowledge, this
hybridization has never been seen in a symmetric multilayered
plasmonic nanostructures reported before.

Non-Coaxial MNC

We consider now a MNC in which the inner gold cone is offset
with respect to the shell nanostructure. We named this nano-
structure a non-coaxial MNC (NC-MNC). In it, modes with
different orders and having distinctive angular momenta will
mix due to the symmetry breaking introduced by the offset
[18, 26, 28, 30]. We analyze the consequences of this sym-
metry breaking by distinguishing between the case in which
the inner gold cone is offset along the direction of the incident
E-field or it is offset along the orthogonal direction (Fig. 8).
In Fig. 9, we show the extinction spectra of a NC-MNC
in which the inner gold cone is offset orthogonally to the

Fig. 8 Geometry of a NC- a
MNC with core offset Ay,
orthogonally to the incident E-
field (a). Geometry of a MNEC
with two component offset Ax,
parallel to the incident E-field (b)
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incident E-field, for two values of the offset and #=0°. They
are compared with the extinction spectrum of the
corresponding coaxial MNC (blue curve). For a 12-nm core
offset (red curve), a dark quadrupolar peak |w:> @ with

added dipolar components emerges in the spectrum, which

couples to the |af_r>(1) mode and engenders a dipole—quad-

rupole Fano resonance with a minimum near 625 nm. By
offsetting the gold cone slightly more (18 nm), besides the
redshift of the Fano resonances, a dark octupolar peak

|w:>(3) emerges, which couples to the |w™) (1) mode and

churn out a dipole—octupole Fano resonance with a dip near

646 nm (green curve). We also note that the modes |a):>(1)

and |a):> () Are redshifted and their peak amplitudes reduce

)

with the core offset, whereas the |wf> ( mode is faintly

)
blueshifted, because it is a high-energy mode and has an

extremely feeble interaction with the gold cone dipolar
mode [25]. The surface charge distributions corresponding
to the dipole, quadrupole, and octupole Fano resonances

b




Plasmonics (2013) 8:1023-1034

1029

== Concenlric MNC

Extinction Cross Section (m?2)

800 900 1000 1100 1200 1300
Wavelength (nm)

400 500 600 700

Fig. 9 Extinction spectra of a MNC (R;=85 nm, H;=95 nm/R,=
60 nm, H,=70 nm/R;=40 nm, H3=50 nm) with core offset orthogo-
nally to the incident E-field. Blue line corresponds to the coaxial MNC,
while the red and green lines correspond to NC-MNC with 12 and

with added dipolar components are shown in the inset of
Fig. 9 for the 18-nm core offset. For the dipole—quadrupole
Fano resonance, the charges on the shell exhibit a dipolar
arrangement, while that on the surface of the inner core exhibit
a quadrupolar arrangement, which evidently reveals the mix-
ing of dipole and quadrupole modes. Likewise, for the dipole—
octupole Fano resonance, the surface charge distribution
exhibits the mixing of dipole and octupole modes.

Figure 10 shows the extinction spectra of the NC-MNC
with 18 nm core offset obtained by rotating the nanoparticle
axis around the y-axis. At =90°, the higher order modes
weaken and start to disappear in the spectrum but still the
|w:>(1) and ]w:>(2> modes are present somewhat. The peak

N ) modes are

almost independent of the angle 6. A slightly new peak

positions relevant to the |w”) () and }w:>(2
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Fig. 10 Extinction spectra of the NC-MNC (R;=85 nm, H;=95 nm/
R>,=60 nm, H,=70 nm/R;=40 nm, H;=50 nm) with core offset of
18 nm orthogonally to the incident E-field, for different values of the
rotation angle of the nanostructure axis around the y-axis

| =——MNC: 12 nm offset || .
| = MMNC: 18 nm offset ||
1

Dipole-dipole Fano resonance (862 nm)

Dipole-octupole Fano resonance (638 nm)

Dipole-guadrupole Fano resonance (704 nm)

18 nm core offsets, respectively. The inset shows the surface charge
distributions associated with the dipole—dipole, dipole—quadrupole,
and dipole—octupole Fano resonances for the 18-nm core offset

appears at the low-energy level near 1,034 nm, which also
represents a bonding |w:> ) mode. At #=90°, we obtained

almost no Fano resonance in the spectrum.

Figure 11 shows the extinction spectra of a NC-MNC in
which the inner gold cone is offset parallel to the direction
of the incident E-field, for the two values of the offset (12
and 18 nm), together with the charge distributions for the
18-nm core offset. Here, we obtain one more peak in the
extinction spectra for both the offset values. For 12 nm core
offset (red line), we obtained four extinction peaks in the
spectrum. The peak near 698 nm also represents a subra-
diant dipole mode while the peak near 647 nm represents a
quadrupole mode. For 18 nm core offset, both the dipole and
quadrupole peaks redshift and a new quadrupole peak is
observed near 655 nm as shown by the surface charge
distributions. The peak near 1,034 nm is relevant to the

|w:>(]) plasmon mode. The peak around 867 nm exhibits a
ring-shaped dipolar pattern on the inner cone and a half ring
shape on the outer cone. It is also relevant to a |a)j > ) plasmon
mode. The peaks near 718 and 655 nm are relevant to the

|w:> ) plasmon mode. Thus, by offsetting the gold cone

parallel to the incident E-field, we can have twin dipole and
quadrupole Fano resonances at different frequencies both in the
visible and near infrared region. Figure 12 shows the extinction
spectra of the NC-MNC with 18 nm core offset parallel to the
incident E-field, obtained by rotating the nanoparticle axis
around the y-axis. Again at #=90°, the higher order modes
weaken and start to disappear in the spectrum but still the

|w:>(1) modes are present somewhat. The peak position of
!a):>(1) modes is almost independent of the angle 6. Again at

0=90°, we obtained almost no Fano resonance in the spectrum.
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Fig. 11 Extinction spectra of a MNC (R;=85 nm, H;=95 nm/R,=
60 nm, H,=70 nm/R3=40 nm, H3=50 nm) with core offset parallel to
the incident E-field. Blue line corresponds to the coaxial MNC, while
the red and green lines correspond to NC-MNC with 12 and 18 nm

Multicomponent Offset in MNC (MNEC)

We finally break the symmetry of the MNC with two offsets,
i.e., both the inner gold cone and silica cone are moved with
respect to the outer gold cone. In this way, we obtain a shape
that when seen from the top, it looks like a multilayered
nanoegg. We named this nanostructure a multilayered nano-
egg cone (MNEC). Figure 13a shows the extinction spec-
trum of the MNEC in which the silica shell has been moved
18 nm and the inner gold cone has been moved 36 nm in the

1x 10 i i )
—— NC-MNC: a=0"

09 —— NC-MNC: &= 30°
a NC-MNC: 8=as°
E os! —— NC-MNC: 8 =60"
52 —— NC-MNC: 6 =90
o | {
£ 07
&
o 06|
<]
S 05
| =}
2 04
[&]
c
% 03
w

02

800 900 1000 1100 1200 1300
Wavelength (nm)

%0 s00 600 700

Fig. 12 Extinction spectra of the NC-MNC (R;=85 nm, H;=95 nm/
R>,=60 nm, H,=70 nm/R;=40 nm, H;=50 nm) with core offset of
parallel to the incident E-field, for different values of the rotation angle
of the nanostructure axis around the y-axis
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1034 nm

1300

core offsets. Inset shows surface charge distributions of the plasmon
modes relevant to peaks in the extinction spectrum for the 18-nm core
offset

y-direction (orthogonal to the incident E-field) for 6=0°.
Figure 13b shows the same configuration but with the offset
in the x-direction (parallel to the incident E-field). Five
peaks emerge in the extinction spectrum. Observing the
surface charge distribution corresponding to each peak of
the extinction spectrum of Fig. 13a, we perceive that the
resonant peak near 1,095 nm is a subradiant dipole mode.
The resonant peak near 794 nm is a quadrupole—quadrupole
mode, as the surface charges on both the shell and inner
cone exhibits a quadrupole pattern, which apparently reveals
the mixing. Since the symmetry of the CNS is also broken in
this structure, so higher order modes of the outer cone will
also become visible. The peak around 711 nm patently
exhibits the mixed octupole—quadrupole character of the
octupole—quadrupole mode and the peak around 673 nm is
the combination of octupole modes. Figure 13b shows the
extinction spectrum of the MNEC when the multicompo-
nent offset is parallel to the E-field. The peaks near 962 and
1,230 nm represent dipole—dipole modes, while the peak
near 770 nm displays an octupole—quadrupole pattern and
the peak around 670 nm is a mixture of octupole modes.
Therefore, geometries with multicomponent offset have five
distinct peaks and pronounced Fano resonances in the ex-
tinction spectrum.

Comparison with Multilayered Spherical Nanostructure

We conclusively compare the near and far field optical
properties of the gold—silica—gold MNC and NC-MNC with
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a concentric multilayered nanosphere (MNS) and a non-
concentric MNS (NC-MNS), by taking all the nanostruc-
tures with the same volume.

By considering the far field properties first, we observed
a sharp dipole—dipole Fano resonance in the extinction
spectrum of the MNC compared to those observed in the
MNS, as shown in Fig. 14a. Figure 14b shows the extinction
spectra of the NC-MNC and the NC-MNS with a 45 %
core offset orthogonally to the direction of the incident
E-field. As a consequence of the symmetry breaking,
additional Fano resonances arise in the spectrum. The
modulation depths of the dipole, quadrupole, and octu-
pole Fano resonances in the case of the NC-MNC are
found to be larger and sharper compared to those

observed in the NC-MNS nanostructure. Figure 14c
shows the extinction spectra of both the structures with
a 45 % core offset parallel to the direction of the
incident E-field. We obtained five peaks in case of
NC-MNC, which proves its strength in the generation
of higher order Fano resonances compared to NC-MNS.
The dominant scattering and absorption cross sections
of both the MNC and NC-MNC may be considered as
excellent candidates for the bio-imaging and photother-
mal treatment applications [3].

We eventually compare the Fano resonances in the
near field optical properties of the MNC and the NC-
MNC with those observed in the MNS and the NC-
MNS nanostructures. Figure 15a shows the maximum

@ Springer
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near field enhancement (MNFE) as a function of wave-
length of both the MNC and MNS nanostructures. It is
seen that the peaks of near field enhancement for both
the MNC and MNS nanostructures emerge almost at the
same wavelengths as in the extinction spectra. The
MNFE value of the MNC |w:>(1) mode is around 70,

which is quite high than the MNS ‘a)j> ) mode. Figure 15b

shows the MNFE of both the NC-MNC and NC-MNS for a
45 % core offset orthogonally to the direction of E-field. It
appears that the NC-MNC can provide the excellent enhance-
ment values at various regions in the spectrum compared to
NC-MNS nanostructure, which is an important attribute of
surface-enhanced Raman spectroscopy (SERS). The surface
charge distributions corresponding to each Fano dip are
shown in the inset. On the other hand, for the NC-MNS, the
octupole mode is missing in the MNFE spectra. From the
MNEFE spectra, it becomes clear that the energy stored in the

@ Springer

dark hybridized modes is larger than those stored in the bright
modes due to the weak radiation losses [31]. Thus, based on
the above findings, we concluded that MNC and NC-MNC
nanostructures exhibit sharp tunable Fano resonances with
large modulation depths both in the near and far field optical
properties compared to MNS and NC-MNS nanostructures,
which would be useful for multi-wavelength SERS and bio-
sensing.

Conclusion

We have investigated the generation of higher order Fano
resonances in a multilayered gold—silica—gold nanostructure
with conical shape illuminated by a linearly polarized light.
For a coaxial multilayered nanostructure, a sharp dipole—
dipole Fano resonance is obtained by varying the relative
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Fig. 15 a Maximum near field enhancement of MNC and MNS nano-
structures. /nset shows surface charge distributions (fop view)
corresponding to each peak in the MNC. b NC-MNC and NC-MNS
with 45 % core offset orthogonally to the incident E-field. The

dimensions of the layers, whose resonance frequencies can
be changed by rotating the nanostructure. Two types of
breaking of the axial symmetry have been introduced in
the multilayered nanostructure: first by offsetting the inner
core with respect to the outer shell to make a non-coaxial
multilayered nanostructure and then by offsetting simulta-
neously the inner gold cone and the middle silica cone. In
the first case, the coupling between the superradiant dipolar
and subradiant higher multipolar modes results in addi-
tional Fano resonances in the optical spectrum compared
to the coaxial multilayered nanostructure. If the offset is
parallel to the incident E-field, we have twin dipole and
quadrupole Fano resonances at different frequencies both
in the visible and near infrared region. Multicomponent
offsetting in MNEC nanostructures renders visible high-

displayed small window corresponds to the dashed box, which shows
the octupole Fano resonance. /nset shows surface charge distributions
(top view) corresponding to each Fano dip (dof) in NC-MNC

order dark modes and provides sharp tunable Fano reso-
nances. Finally, we relate the near and far field optical
properties of MNC and NC-MNC with MNS and NC-
MNS nanostructures and observed strong tunable higher
order Fano resonances in case of MNC and NC-MNC.
The maximum near field enhancement is also found to
be greater in various regions in both the MNC and NC-
MNC nanostructures, which is an essential feature of
SERS. To conclude, MNC, NC-MNC, and MNEC nano-
structures are ideal for producing pronounced tunable
Fano resonances and higher order dark hybridized modes
in the visible and near infrared region, which may be
useful for plasmon sensing, electromagnetic-induced
transparency, lasing, slowing light, switching, and SERS
applications.
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