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p to date, symmetry breaking has

been investigated in a variety of

gold nanostructures from three-
dimensional nanoeggs' and nanocups? to
two-dimensional disk/ring,** two-layer, and
planar nanocavities.>® In nanoeggs, where
the silica core is off-centered in a
silica—gold core—shell nanoshell, both far-
field and near-field properties have been
studied as functions of the core offset.” It
was found that a larger offset correlates
with larger red shifts in the low-energy plas-
mon resonant peaks, a stronger near-field
enhancement, and a larger absorption-to-
scattering ratio at the dipole resonance.!
The polarization of light only weakly affects
the far-field spectrum.?2 However, in nano-
cups where the gold shell is partially
opened up by the offsetting core, the far-
field scattering spectrum strongly depends
on polarization owing to its anisotropic ge-
ometry.” As the core further protrudes from
the shell, dipole modes gradually weaken
and eventually vanish.

Studies of two-dimensional structures
have revealed some interesting phenom-
ena. In geometries with reduced symmetry,
the highly damped multipolar modes are
excited and interact with the dipole mode.
Liu and co-workers demonstrated a care-
fully designed planar geometry in which the
narrow quadrupole resonance of the
nanobar/nanoslit dimer destructively inter-
feres with the broad dipole mode of the
nanobar/nanoslit monomer that is off-
centered, leading to a narrow region where
light transmission is significantly enhanced;
in atomic physics, this is known as electro-
magnetically enhanced interference (EIT).>¢
Similarly, Hao et al. reported a nonconcen-
tric ring/disk nanocavity in which the broad
dipole mode both constructively and de-
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ABSTRACT We present a computational study of the plasmonic properties of gold—silica—gold multilayer

nanoshells with the core offset from the center. Symmetry breaking, due to the core offset, makes plasmon

resonances that are dark in concentric geometries visible. Applying plasmon hybridization theory, we explain the

origin of these resonances from the interactions of an admixture of both primitive and multipolar modes between

the core and the shell. The interactions introduce a dipole moment into the higher order modes and significantly

enhance their coupling efficiency to light. To elucidate the symmetry breaking effect, we link the geometrical

asymmetry to the asymmetrical distribution of surface charges and demonstrate illustratively the diminishing

multipolar characteristic and increasing dipolar characteristic of the higher order modes. The relative amplitudes

of the modes are qualitatively related by visual examination of the dipolar component in the surface charge

distributions. Using polarization-dependent surface charge plots, we illustrate two distinct mode configurations

despite their spectral similarities. We further demonstrate a trend of increasing absorption relative to scattering

as the resonant wavelength red shifts in response to a larger core offset.

KEYWORDS: plasmonics - multilayer nanoshells - symmetry breaking - plasmon
hybridization - surface charge distribution

structively interferes with a sharp quadru-
pole mode. The interaction results in an
asymmetrical sharp Fano-type resonance.3*
Due to the sharp nature of the Fano reso-
nance, symmetry-breaking geometries have
been proposed for nanoscale optical sens-
ing such as high figure-of-merit meta-
material sensors.® It has also been found
that offset geometries exhibit significantly
larger local-field enhancement, making
them promising for surface-enhanced
spectroscopies.' 3

Multilayer nanoshells (MNS) preserve
three-dimensional spherical symmetry, as
in nanoeggs, but they also exhibit
symmetry-breaking patterns similar to ring/
disk nanocavities. Theoretical investiga-
tions of concentric MNS have been previ-
ously reported using various Mie-based
approaches.®"" It has been found that the
addition of a gold core to the gold shell
splits the low-energy plasmon resonance
of a conventional silica—gold core—shell
nanoshell (CNS) into a high-energy
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(b)

Figure 1. (a) Three-dimensional illustration of a gold—silica—
gold multilayer nanoshell with an offset core. (b) Dimen-
sions of an Ri/R,/R; gold—silica—gold multilayer nanoshell
with core offset Ax.

antibonding mode and a low-energy bonding mode
that can be tuned from the visible region into the infra-
red. The red shift of this mode correlates with interme-
diate silica layer thickness, which determines the
strength of coupling between the core mode and the
CNS mode. As the mode red shifts, the MNS becomes
relatively more absorbing than scattering at the
bonding-mode resonance.’® An experimental study of
MNS has also been published. Xia and co-workers re-
ported the chemical synthesis of sub-100 nm multilayer
nanoshells.'? The silica coating on gold was achieved
using a modified Stéber method.'*~® The final gold
layer was coated in a way similar to synthesizing
silica—gold core—shell nanoshells.'”'®

Here we use a computational model to investigate
MNS with an offset geometry: the inner gold core is
moved away from the center but does not touch the
gold shell, as illustrated in Figure 1a. The MNS dimen-
sions are denoted by the radius of each layer, Ry, Ry,
and R;, as well as the core offset, Ax, shown in Figure
1b. We apply plasmon hybridization theory to obtain in-
sight into spectral properties of the MNS. This theory is
analogous to molecular orbital theory and describes
how the fixed-frequency plasmons of elementary nano-
structures hybridize to create more complicated reso-
nances. It has been used to explain the plasmonic prop-
erties of structures ranging from concentric
nanoshells'?° to nanorice?' ~?* to nanosphere
trimers?>?® and quadrumers.?® Some interesting ex-
amples of plasmon hybridization applied to nonsym-
metrical structures include analyzing the aforemen-
tioned nanocups'?’ and nonconcentric ring/disk
structures.>*

The far-field properties of MNS were simulated us-
ing a finite-element method (FEM) package: COMSOL
Multiphysics v3.5a with the RF module. Because the di-
mensions of the gold core and shell remain unaltered as
the location of the core changes, the offset process it-
self does not require size correction for the dielectric
function of gold due to intrinsic effects. It should also
be noted that this work does not focus on the spectral
width of plasmon resonances, which can be consider-
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Figure 2. Hybridization diagrams of MNS with concentric
(left) and offset (right) geometries. The left panel illustrates
the plasmon hybridization diagram for a concentric MNS
with interaction between modes having the same angular
momentum (energy increases from bottom to top). The right
panel displays the nonconcentric MNS case with black lines
showing additional interactions and arrows showing the
relative red shift and blue shift (not to scale). Only dipole
and quadrupolar interactions are shown for clarity.

ably broadened by the surface scattering of electrons
in nanostructures.?”’ %0

RESULTS AND DISCUSSION

Plasmon Hybridization. An MNS can be modeled as a hy-
brid between a silica—gold core—shell nanoshell and
a solid gold core. We apply plasmon hybridization to ex-
plain the optical properties of MNS using these two ba-
sic nanostructures. The hybridization diagrams in Fig-
ure 2 show, for both the concentric and offset MNS, the
interactions between the hybridized modes of the
nanoshell and the spherical plasmon modes of the
core. For clarity, only the dipolar and quadrupolar inter-
actions are shown. The antibonding modes from the
nanoshell are not shown because they are higher en-
ergy and have only very weak interactions with the core
mode. The left panel of Figure 2 shows the hybridiza-
tion diagram for the concentric MNS where the modes
of different angular momenta are forbidden from inter-
acting. Like the hybridization between the inner and
outer layers of a nanoshell, there are two modes for
each interaction: a low-energy bonding mode and a
higher energy antibonding mode. This can be seen in
the left panel of Figure 2 for the dipole—dipole (/ = 1)
and quadrupole—quadrupole (/ = 2) interaction. For
the nonconcentric case, the selection rules for interac-
tion are relaxed, allowing modes of different orders to
mix. As depicted in the right panel of Figure 2, the di-
pole mode (/ = 1) of the core can now interact with not
only the dipole mode (/ = 1) of the shell but also the
quadrupole and higher order modes (I = 2, 3, etc.) of
the shell. Additionally, the quadrupole (/ = 2) of the
shell can now interact with the dipole (/ = 1) of the core,
bringing in the dipole moment into the quadrupole
mode.

The hybridization between different modes on the
core and the shell also results in red shifts of the hybrid-
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ized bonding modes of MNS. The lower order modes
are red-shifted as they become repelled by the interac-
tion with higher order modes. As shown in the right
panel of Figure 2, this yields a shift for the predomi-
nately dipole—dipole hybridized modes that is larger
than for the quadrupolar—quadrupolar hybridized
modes, and so on. In addition to a red shift of the bond-
ing modes, the antibonding hybridized modes are
slightly blue-shifted. This leads to a very asymmetrical
splitting of the hybridized energy modes. Such asym-
metrical splitting is seen in other nanostructures as the
symmetry is broken,?*3! as well as in nanoparticle
dimers.3233 The degree of the shift is determined by
the strength of the interactions between the different
modes. As the gold core is offset more and approaches
the gold nanoshell, the plasmons of the core interact
more strongly with plasmons of the shell. These increas-
ing interactions lead to stronger mixing between the
different modes, creating a greater shift from the con-
centric MNS interactions.

Symmetry Breaking in MNS with Different Geometries. As
seen in the work on concentric multilayer nanoshells,
changing the ratio of the core, silica layer, and the outer
layer allows tuning of the plasmon resonance.'® This
same effect is seen in offset multilayer nanoshells, as
well. Figures 3 and 4 show the extinction spectra of the
offset MNS with two different R;/R,/R; ratios as well as
different outer radii Rs. Figure 3 shows R10/15/25 nm
MNS in water with various core offsets. The black stars
from the Mie calculation agree very well with the black
curve from the FEM calculation of a concentric geom-
etry. Two distinct plasmon resonant peaks can be ob-
served in the concentric spectrum. The high-energy
peak around 530 nm is the antibonding mode of the
dipole—dipole interaction between the shell and the
core along with other higher order modes. The inter-
band transitions of gold lead to a pronounced broaden-
ing and damping of all modes in this region.3*~3 The
low-energy peak at 643 nm is the bonding mode of the
dipolar interaction. Quadrupole modes are not excited
as the particle lies in the quasi-static region. When the
symmetry is reduced and the mode selection rule for
hybridization is relaxed, modes of different angular mo-
menta start to interact.">>' Among the offset spectra,
one can immediately observe a red shift of the dipolar
bonding mode. The fact that the dipole of the core is al-
lowed to interact with the quadrupole of the shell and
vice versa shifts the bonding mode to a lower energy.
The blue shift of the antibonding mode, however, is too
small to be visualized in the spectrum. In addition to
the red shift of the bonding modes and blue shift of the
antibonding modes, hybridization results in the appear-
ance of dark modes that were only weakly excited or
not excited at all in the concentric MNS. For instance,
one can observe the emergence of a new peak at about
592 nm. This peak is likely to be the bonding mode of
the quadrupole—quadrupole interaction between the
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Figure 3. Extinction spectra of R10/15/25 nm MNS in water with
various core offsets. Core offsets in y; incident light linearly polar-
ized in x and propagates in z.

shell and the core (noted by / = 2 in the hybridization
diagram). This mode can be directly excited because
the interaction between the quadrupolar and dipole
modes introduces a small overall dipole moment in the
plasmon. This mode is not excitable in the concentric
case because of the lack of the dipole moment in the
quadrupole—quadrupole interaction.

Although interesting in nature, the quadrupole peak
is still not very well-defined at the largest offset we cal-
culated. In Figure 4, we demonstrate the spectra of a
larger MNS: R30/40/50 nm in water with a different R;/
R,/Rj3 ratio (3/4/5 instead of 2/3/5). The particle lies out-
side the quasistatic region and can provide opportuni-
ties to observe sharp higher order modes. As shown in
Figure 4, good agreement was obtained between Mie
and FEM calculations on the concentric geometry. The
relatively large size of the MNS and limitations from the
meshing and scattering boundary condition in COM-
SOL v3.5a may account for the ~6% discrepancy on the
peak intensity at 890 nm.*” For clarity, each resonant
peak is labeled with a numerical value associated with
its mode (i.e., 1 for dipole, 2 for quadrupole, etc.), fol-
lowed by a letter denoting the core offset of that
spectrum.
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Figure 4. Extinction spectra of R30/40/50 nm MNS in water with
various core offsets. Core offsets in y; incident light linearly polar-
ized in x and propagates in z.
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In the concentric spectrum, in addition to the dipo-
lar modes at 1a and 1*a, a slight quadrupolar peak can
be observed at 2a. The excitation of this mode is attrib-
uted to the retardation effect as the particle size is com-
parable to the excitation wavelength. Its small ampli-
tude reflects a lack of the dipole moment. More
specifically, the amplitude of the extinction peak is di-
rectly proportional to the square of the dipole moment.
When the symmetry is reduced, as shown in the 7 nm
offset spectrum (red), the dipolar bonding mode is red-
shifted from 886 to 934 nm (1a to 1b) and the quadru-
polar bonding mode is shifted from ~644 to 688 nm (2a
to 2b). While the peak intensity of 1b is decreased,
that of 2b is significantly enhanced. The enhancement
at 2b is due to the dipole—quadrupole interaction that
adds a dipolar component into the quadrupole mode.
Likewise, the interaction between the dipole of the
core/shell and higher order modes of the core/shell in-
troduces dark characteristics of the multipolar modes
into 1b and causes its amplitude to decrease.

From a macroscopic perspective, the f-sum law can
be used to interpret the relative change of the peak am-
plitude at each plasmon mode.?®3° In the MNS system,
where the number of oscillating electrons is fixed, the
convolution of the amplitudes of plasmon resonances
with their energy levels remains a constant. This does
not, however, indicate that an increase in one peak nec-
essarily causes a decrease in another peak. In the 7 nm
offset spectrum, nevertheless, the significant gain at the
high-energy quadrupolar mode demands that the dipo-
lar mode be both down shifted in energy and de-
creased in amplitude.

As the core continuously moves away from the cen-
ter, more modes that are completely dark in the con-
centric spectrum start to emerge. In the 8 nm (blue) and
9 nm (green) offset spectra, the emergence of the 3¢
mode at ~620 nm and the 3d mode at 664 nm is the
octupole mode excited with added dipole components.
As previously described by the f-sum law, the introduc-
tion of this new octupole mode results in a decrease in
amplitude of the dipole mode at 1c and 1d.

Surface Charge Distribution and the Polarization Effect. While
hybridization theory qualitatively explains the plasmon
resonances of MNS, it does not provide information re-
garding charge distributions on metal—dielectric inter-
faces at each resonant mode. Furthermore, it does not
describe the relative amplitude of each peak nor the po-
larization effect on the spectrum. Therefore, we supple-
ment the hybridization analysis with surface charge dis-
tributions at the outer and inner layers of the gold shell
as well as the surface of the gold core at resonant wave-
lengths. We examine both spectral properties and
charge distributions of the MNS when the incident
light is axially polarized with respect to the core offset
and when it is transversely polarized.

Figure 5 shows the extinction spectra of the R30/
40/50 nm MNS with a 9 nm offset core at two different
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Figure 5. Extinction spectrum of the R30/40/50 nm MNS in
water with 9 nm core offset. Black, incident light is trans-
versely polarized with respect to the offset; red, incident
light is axially polarized along the offset.

polarizations. The dipole, quadrupole, and octupole
resonances can be clearly recognized, as described in
previous sections. To facilitate the analysis, we denote
these modes in the following fashion: dipole modes 1d
(transverse) and 1d’ (axial), quadrupole modes 2d
(transverse) and 2d’ (axial), and octupole modes 3d
(transverse) and 3d’ (axial). One can observe that the
two spectra have very similar shapes, indicating mini-
mal impact from polarization. It is worth noting that re-
ported in the literature are three-dimensional nanopar-
ticles whose plasmon resonances do not largely
depend on the polarization, such as nanoeggs,? and
nanoparticles whose spectra bear distinct polarization-
dependent characteristics, such as nanocups.” We con-
jecture that, since the offset MNS bear more resem-
blance to the nanoegg structure, the spectra should
be largely polarization independent. One can observe
in the axial spectrum slight red shifts in the bonding
modes: from 1016 to 1094 nm for the dipole mode, 768
to 785 nm for the quadrupole mode, and 664 to 670
nm for the octupole mode. The red shift implies a
stronger interaction between modes with different an-
gular momenta when the light is axially polarized along
the small gap between the core and the shell. One can
also observe that 1d’ has the largest red shift, whereas
3d’ has the least. This is in agreement with the plasmon
hybridization theory shown in Figure 2. In addition,
the quadrupole and octupole peaks in the axially polar-
ized spectrum (2d’ and 3d’) appear to be higher than
those in the transversely polarized spectrum (2d and
3d), possibly owing to the stronger interaction. In both
spectra, the quadrupole peaks (2d and 2d’) appear to
be higher than the octupole peaks (3d and 3d’). We will
now explore these observations from the surface
charge perspective. To calculate the surface charge,
Gauss's law was applied to metal—dielectric interfaces.
The phase of the solution was swept to find the correct
distribution that corresponds to the maximal surface
charge density. The extinction spectrum was calculated
for the geometry in which the core offset and light po-
larization were (1) in orthogonal directions (transverse)
and (2) along the same direction (axial).

Www.acsnano.org



Figure 6 shows the charge distribution on
metal —dielectric interfaces for plasmon modes in
the transverse spectrum. Side and top views (left
and right panel) are provided. The color scales (not
shown) on each surface are different for better il-
lustration. Three relevant observations can be
made. First, the distributions at 3d, 2d, and 1d re-
semble octupole, quadrupole, and dipole-like char-
acteristics, respectively. Opposite charges are
found on the surface along the E field direction in
which light is polarized. At each resonance, the
charge distribution exhibits an alternating half-
ring shape stacked from the top to the bottom of
the particle. The pattern is consistent with the pre-
dictions we made using plasmon hybridization
theory. Second, one observes that the charge po-
larity is the same along the inner and outer sur-
faces of the gold shell. This corresponds to the
bonding-mode configuration of the shell and indi-
cates that the core is, in fact, interacting with the
bonding mode of the shell. Further, the charge po-
larity on the inner core is oppositely aligned with
the outer shell. This also corresponds to the low-

)

Figure 6. Side (left) and top (right) views of the surface charge plot of R30/
40/50 nm MNS with 9 nm core offset at various hybridized plasmon peaks as
the incident light is transversely polarized with respect to the offset. The three
columns correspond to the outer gold shell (left), inner gold shell (middle),
and inner gold core (right) layers. Red, positive charges; blue, negative charges.
Horizontal dashed lines in the left panel mark the center location with respect
to the core offset.

energy configuration (bonding) of the MNS and indi-
cates that the plasmon resonance is the low-energy
bonding mode from the core—shell interaction. Lastly,
the octupole, quadrupole, and dipole distributions ap-
pear spatially distorted. The nature of the spatial asym-
metry indicates that the hybridized modes are com-
posed of a mixture of modes with different angular
momenta. For instance, a perfect quadrupole mode
would appear evenly and symmetrically distributed
along each quadrant of the spherical surface. The fact
that the distribution is skewed, as can be seen in the left
panel of Figure 6, is caused by the admixture of a di-

panel of Figure 7, the octupole and quadrupole distri-
butions appear as whole rings instead of half rings
across the entire particle. A larger dipole moment can
be recognized in 3d’ and 2d’ as the charge distributions
become more dipole-like. Meanwhile, the dipolar distri-
butions in 1d" also appear distorted, indicating a large
multipolar interaction, which attenuates and red shifts
the resonant peak. Because the overall degree of asym-
metry is larger in Figure 7 than in Figure 6, we con-
clude that the mode hybridization due to symmetry
breaking is stronger when the light is axially polarized.

pole component polarized along the horizontal di-
rection. Since the plasmon resonant peak ampli-
tude is directly proportional to the square of the
dipole moment, the quadrupole and octupole
modes are enhanced due to the introduction of
the dipole interaction and the added dipole com-
ponents, whereas the dipole mode will have a
lower peak owing to the interaction with the mul-
tipolar modes and a reduction of the dipole com-
ponent. Additionally, the degree of asymmetry of
the charge distributions for the multipolar modes
directly implies the amount of the dipole moment
that has been added to the mode. The 2d mode
appears to be more asymmetrical in a quadrupole
sense than 3d in an octupole sense, suggesting
that 2d has a larger dipole moment. This is better
revealed in the spectrum in Figure 5, where 2d has
a higher amplitude than 3d.

When the incident light is axially polarized,
the surface charge distributions exhibit distinct
characteristics despite spectral similarities to the
transverse polarization case. As shown in the right
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This explains the overall red shift from 1d, 2d, and 3d to

Figure 7. Side (left) and top (right) views of the surface charge plot of R30/40/50
nm MNS with 9 nm core offset at various hybridized plasmon peaks as the inci-
dent light is axially polarized along the offset. The three columns correspond
to the outer gold shell (left), inner gold shell (middle), and inner gold core (right)
surfaces. Red, positive charges; blue, negative charges. Horizontal dashed lines
in the left panel mark the center location with respect to the core offset.
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Figure 8. Mie-based calculation of the absorption (red) and
scattering (blue) spectra of the concentric R30/40/50 nm
MNS in water near the dipolar resonance.

1d’, 2d’, and 3d’ and also the higher amplitudes at
2d’, 3d’ versus 2d, 3d and the lower amplitude at 1d’
versus 1d, as previously described. It is worth noting
that, due to the relatively large size of the particle (100
nm), the retardation from the propagating electromag-
netic wave comes into play. For instance, in the right
panels of Figures 6 and 7, the left—right asymmetry of
the charge distribution for the octupole modes reveals
this retardation effect. Waves travel in slightly different
phase across the particle along the direction of the
propagation (indicated by the k vector), which yields a
slightly asymmetric charge distribution.

When MNS are excited by circularly polarized light
(see Supporting Information), the surface charge distri-
bution is a hybrid between the two types described
above. The distributions not only appear distorted
along the direction of the core offset but also become
skewed around the spherical surface. The basic analysis,
however, falls in the discussions for the axial and trans-
verse polarizations.

Absorption Relative to Scattering. In concentric MNS, an
increase of the gold core in an otherwise fixed geom-
etry red shifts the dipolar bonding mode and renders
the particle more absorbing than scattering at the plas-
mon resonance.'’ It is thus of interest to investigate
how the absorption of MNS changes with respect to
scattering as a function of the core offset. We chose to
focus on the dipolar and quadrupolar peaks and com-
pare the absorption and scattering components of
overall extinction. It is important to note that the wave-
lengths of peak values for absorption and scattering
are slightly offset from each other. This is manifested
not just in the FEM calculations of offset geometries but
also in the Mie-based calculations of concentric geom-
etries. The R30/40/50 nm MNS with a 9 nm offset and
excited by transversely polarized light has an extinction
peak at 886 nm, while the absorption peak is at 885
nm and the scattering peak at 889 nm. The offset is no-
ticeable in Figure 8. The offset value, however, is small
enough so the actual scattering and absorption values
do not change very much. For consistency, we used the
absorption and scattering values at the peak extinc-
tion wavelength for the comparisons in Figure 9a,b.
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Figure 9. FEM calculation of the absorption (red) and scat-
tering (blue) efficiency of the R30/40/50 nm MNS with a vari-
able core offset in water (a) at the dipolar resonance and
(b) at the quadrupolar resonance. Incident light transversely
polarized.

From Figure 9a, it is clear that both scattering and
absorption decrease with increasing offset, and the par-
ticle becomes more absorbing relative to scattering at
the dipole peak. The scattering component steadily de-
creases and becomes almost insignificant at large off-
sets. The quadrupolar peak, shown in Figure 9b, is more
complicated as the scattering first increases and then
decreases after the 8 nm offset. Although with the de-
creasing scattering, the overall extinction continues to
increase due to the rapidly growing absorption. The
stronger absorption of the metal is mainly caused by a
larger field confinement within a smaller volume (i.e.,
the reducing gap between the core and the shell).
These general trends are also seen in a R20/30/50 nm
MNS (see Supporting Information). Overall, our results
show a general trend toward a larger absorption com-
ponent in the extinction peak as the core offset
increases.

CONCLUSION

In this paper, we used plasmon hybridization theory
and demonstrated that an offset of the core in an MNS
allows interactions between plasmon resonances of dif-
ferent angular momenta. The mixing of modes al-
lowed by the broken symmetry introduces a dipolar
characteristic into higher order multipolar modes and
makes them visible in the extinction spectra. We pre-
sented qualitatively in a hybridization diagram and
quantitatively in the FEM calculations red shifts of the
bonding plasmon modes as well as the emergence of
the multipolar modes in the offset MNS. While polariza-
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tion has little effect on the extinction spectra, we dem-
onstrated that different polarizations create distinctly
different surface charge distributions. We decomposed
the extinction spectra into scattering and absorption
and found that MNS tend to have a larger absorption
component relative to scattering as the core offset in-
creases. We postulate that offset MNS with larger di-
mensions will exhibit more interesting multiwavelength

METHODS

For the FEM simulations, gold properties were obtained
from Johnson and Christy.*’ The dielectric constant of silica was
set to 2.04, and that for water to 1.33. The surrounding medium
of MNS was water. Simulations were performed in COMSOL
Multiphysics v3.5a. The simulation space and perfectly matched
layer thickness were adjusted until agreement was obtained be-
tween the FEM and Mie-based calculations.®

For optical spectra, the scattering efficiency was calculated
by integrating the normalized E field around a far-field trans-
form boundary enclosing the MNS. The absorption efficiency was
calculated by summing time-average resistive heating on the in-
ner gold core and other gold shell. For surface charge plots,
Gauss's law was applied:

sofff-ﬁd5= ffcds

The gradient operation was realized by implementing the up and
down operators to the metal—dielectric interfaces in COMSOL.

Mie calculations were implemented in an in-house Matlab
code written for simulating light scattering from concentric
spheres with arbitrary number of layers.'® The dielectric func-
tion of gold was kept the same as the one used in FEM calcula-
tions, so were other parameters such as the refractive index of
silica and water. The Mie code has been previously validated
against literature results.'*!
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