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Abstract- The optical properties of a single metallic nanoring (NR) have been analyzed according to
variation of thickness, inner, and outer radius effects on the extinction cross section spectrum. It is shown
that, by considering constant values for inner radius and thickness, a new phenomenon in optical properties
is observed. More specifically, increasing the outer radius for the aspect ratio (i.e. outer radius/thickness) of
less than 3.2, results in a blue-shift in the extinction spectrum, while for the aspect ratio of greater than 3.2 a
red-shift for the LSPR (localized surface plasmon resonance) wavelength occurs. Moreover, by taking
constant outer radius and thickness, increasing the inner radius results in a blue-shift for the extinction
spectrum. Nonetheless, increasing the thickness leads to a blue-shift for the maximum peaks of the extinction
spectrum. It has been shown that the optical properties for a gold NR can be described well through the
guasi-static theory of a spheroidal shaped metallic nanoshell, while the previous theory for the NRs known
as “slab like model” could not justify these properties. The analytic results supports the numerical
simulations.
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1 Introduction

The conduction band electrons of the naoble
metal nanoparticles can be excited under incident
electromagnetic field. The curved surface of
nanoparticles applies a restoration force to the
driven electrons which results in a non-propagating
collective electron charge oscillation known as
Localized Surface Plasmon Resonance (LSPR) [1].
The nanoparticles show a large local field
amplification in the near-field zone at resonance
frequency. This unique property can be used in
different applications such as chemical and
biological sensors [2]. The LSPR wavelength is
determined by nanoparticle shape, size, and
surrounding dielectric constant [3]. A wide variety
of nanoparticle structures are explored such as
nanorings [4], nanoshells (NS) [5] and
nanoholes [6]. The nanorings (NR) attracted
remarkable attention which arises from the
coupling of interior field to the environment [4].
The strength of electromagnetic coupling of the
charge distribution of inner and outer NR walls,
determine the LSPR energy and wavelength [7]
similar to optical properties of a NS [8].

It has been shown that, the optical behavior of a
nanodisk, can be modeled with an oblate
spheroid [9]. Here, this idea is extended for
modeling a gold NR with an oblate spheroidal NS
composed of a gold spheroid shell surrounding a
vacuum core.

2 Theory and Modeling

The well-known theoretical approaches for
studying the optical properties of plasmonic
nanostructures include: Mie theory (full wavelength
analysis) and approximations such as quasi-
static [10]. Due to the subwavelength nature of
metallic nanoparticles, the quasi-static
approximation can be applied to investigate the
optical properties of metallic NRs.

A metallic nanoparticle response to an incident
plane wave light (Ei.), can be modeled by a
polarization vector described by [10]:

where « is the electric polarizability of the NR
which depends on the polarization direction of the
incident wave.

It has been shown that the optical properties of
an spherical nanoshell can be modeled using an
electric dipole [11]. Using this idea, it is considered
that the optical properties of a nanoring are
modeled based on an oblate spheroidal shaped
nanoshell. The electric polarizability of a spheroidal
NS with ¢ and & as inner and outer dielectric
function and the volume of V, can be described
using [10]:
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where is the occupied volume fraction by the
inner spheroid, a;,, by, €1, are the axes of inner
and outer spheroid respectively, L; and L, are the
geometrical factors relating to inner and outer
spheroids, respectively, which can be obtained by
first and second kind of elliptic integrals. The
modified long wavelength approximation (MLWA)
correction term is employed in quasi-static
approach [12]. Moreover, the dielectric function of
gold material is described by Drude-Lorentz
classical model with five poles [13].

The simulations are performed using finite
difference time domain (FDTD) method using a
commercial FDTD simulation software with the
uniform mesh sizes of dx= dy= dz=2 nm and a 12-
layer PML. The incident wave has a Gaussian
frequency distribution from the wavelength 500 to
900 nm. Figure 1-a shows the schematic
representation of the gold NR, and the incident
plane wave is x-polarized. Furthermore, the x-
polarized electric field of the NR (E,) is recorded
by the point monitor shown as A in Figure 1-a
(situated on x-axis and 10 nm away from the NR

(b)
z

(a)

Figure 1: (a) The schematic representation of the gold
NR. The point A is the near-field monitor point. (b) A
simplified oblate spheroidal NS (b;=a;, and b,=a, are
the major axes).

edge).

3 Results and Discussions

Figure 2 shows the normalized amplitude of the
electric field component E, of the NR which is
sampled at point A for a NR with R;=30, R,,—=44,
t=20 nm. According_{o Figure 2, the theory using
Equation 2 for an ObRR NS (ais(w)) Withét e
major f—abc, /abc, aXes a=hb; =35, a=
b,= 44 nm and minor axes
€1= C,= 10 nm (as the schematic NS depicted in
Figure 2-b), is in complete agreement with the
simulation results. The insets compare the spectrum
of real and imaginary parts of ajyg(w) and E,,
respectively.

In addition, R;,, Rou, and t parameters are swept
to analyze the dependency of extinction spectrum
to geometrical parameters. Figure 3-a shows the
extinction spectrum versus NR thickness. The

als(@)=V (ez—sm)[gz +(e-5)(L— f|_2):|+ fe,(e-2,)
NS [52 +(€1_Sz)(|—1— sz)][ém +(gz—gm)|_2:|+ ﬂ-zgz(gl_é'z)
)
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results show a blue-shift pattern by increasing the
NR thickness related to decreasing the electric field
interaction between electric charges distributed on
top and bottom NR surfaces. Figure 3-b shows the
influence of inner radius increment on extinction
spectrum. The inner radius changes from R;, = 15
nm to 30 nm results in an increase in the electric
field interaction of inner and outer NR walls which
leads to a red-shift in the LSPR wavelength. This
structure is the geometrical complement of a void,
created in a metallic medium, where increasing the
void radius results in a similar red-shift in the
extinction spectrum [1].

According to Figure 3-c, increasing the outer
radius from aspect ratios (R,u/t) less than 3.2 results
in a blue-shift of the extinction cross section
spectrum and for the aspect ratios greater than 3.2
results in a red-shift. This property can be analyzed
from the polarizability of the NS (Equation 2) in
which setting the denominator of the polarizability
predicts the position of the wavelength peaks. The
latter property could not be described by the
previous theories such as slab like model for the
NRs[7].

To analyze the optical behavior of NRs during
inner and outer radius variations, the simulated
extinction peak wavelength are plotted versus the
radius (Figure 4). The wavelength of the symmetric
mode resonance, w.spr (solid-line), for thin wall
slab like NRs with a Drude dielectric model
presented in [7] are shown. Figure 4-a shows the
agreement of oblate spheroidal NS LSPR
wavelength with simulated results of NR (marker)
for different values of the inner radius. As it is
depicted in Figure 4-a the slab like model could not
describe the optical properties of the gold NR with
the accuracy of the presented model. Figure 4-b
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Figure 2: The absolute value of x-polarized electric field
recorded by point monitor A of the NR (R;;=30,
Rout=44, t=20 nm), being compared with an equivalent
oblate spheroidal NS polarizability based on Equation 2
(a;=b,=35, a,=h,=44, ¢;=c,=10 nm). Insets show the
real and imaginary parts of ays(w) and E,.
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also depicts the agreement of oblate spheroidal NS
LSPR wavelength with simulated NR (marker) for
different values of the outer radius.

The red-shift behavior observed for Ry; > 64 nm
(aspect ratios greater than 3.2) is similar to a
conventional metallic nanodisk [12] which could
not be described by slab like model.

4 Conclusion

To study the geometry dependence of localized
surface plasmon resonance wavelength of
nanorings (NRs), a gold NR immersed in vacuum
with different thickness, inner and outer radii is
analyzed. A novel optical behavior in high aspect
ratio NRs is observed. It has been shown that the
mentioned NR optical behavior can be explained by
an oblate nanoshell with a gold shell surrounding a
vacuum core.

—20 nm

Normalized Extinction Cross Section

Normalized Extinction Cross Section

500 = ..600 700 800 900
Wavelength (nm)

Figure 4: The normalized extinction cross section of the

NR with variable thickness (a), inner radius (b) and

variable outer radius (c).
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Figure 3: LSPR wavelength of a variable inner (a) and
outer (b) radius simulated NR (marker) in complete
agreement with an oblate spheroidal NS LSPR
wavelength compared with symmetric mode wavelength
of a slab like NR [7].
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