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Abstract—In this paper, a planar metallic nanostructure design,
which supports two distinct Fano resonances in its extinction cross-
section spectrum under normally incident and linearly polarized
electromagnetic field, is proposed. The proposed design involves a
circular disk embedding an elongated cavity; shifting and rotating
the cavity break the symmetry of the structure with respect to the
incident field and induce higher order plasmon modes. As a result,
Fano resonances are generated in the visible spectrum due to the
destructive interference between the sub-radiant higher order modes
and super-radiant the dipolar mode. The Fano resonances can be
tuned by varying the cavity’s width and the rotation angle. An RLC
circuit, which is mathematically equivalent to a mass-spring oscillator,
is proposed to model the optical response of the nanostructure design.

1. INTRODUCTION

It is well known that nanostructures constructed using metallic
particles are capable of supporting surface plasmon modes with
resonance frequencies in the visible spectrum [1,2]. These modes are
simply collective oscillations of conduction electrons excited by a high
frequency electromagnetic wave (i.e., light) incident on the structure.
When the structure is electrically small, i.e., its largest dimension is
sub-wavelength, the optical properties of these plasmon modes depend
almost exclusively on the specific shape of the structure [3]. This
allows for easy tuning of the plasmon modes’ resonance frequency,
localized field amplitudes, quality factor, and line-width via only simple
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modifications of the structure’s geometric parameters. This highly
desired easy tuning property has led to the development of many
plasmonic structures constructed using spheres [4, 5], ellipsoids [6],
eggs [7], shells [8], and circular disks [9] and rings [10] for various
applications in bio- and chemical sensing [11-14], designing plasmonic
light sources, and waveguides, metamaterial absorbers [15,16],
multiresonance filters [17], and materials with effective negative
index [18-21]. For bio- and chemical sensing applications, open quasi
three-dimensional (disk and ring-like) structures are preferred over
their closed counterparts because of their capacity to contain greater
volumes of molecules in the vicinity of structure within the near field
of the plasmon modes [22].

Recently, generation of Fano resonances on nanostructures via
interference of plasmon modes, an effect similar to electromagnetic
induced transparency in atomic systems [23,24], has become a topic
of interest due to its promising applications in light manipulation [25],
bio- and chemical sensing, and optical switching [26,27]. Plasmonic
Fano resonances are obtained from the coherent interference between
super- and sub-radiant plasmon modes; this can be achieved using
either (anti-parallel) dipolar modes [28,29] or a dipolar and a higher
order mode (i.e., quadrapolar, octopolar modes) [30-34]. When the
structure is electrically small and symmetric with respect to incident
field’s polarization and/or direction of propagation, higher order modes
cannot be excited by the incident field [35-38]. Ome can increase
the electrical size of structure (at the cost of ease of tunability) [10]
or ‘break’ the structural symmetry [35] to permit the incident field’s
energy to couple to the dark higher order modes. Symmetry breaking
has been proven useful in excitation of higher order modes to generate
plasmonic Fano resonances for various nanostructures constructed
from shells [28,32,35], disks [9,36] and rings [34,37,38] as well as
in design of resonators used for construction of metamaterials at
lower frequencies [39]. Other examples of symmetry breaking methods
include using conductive coupling between a theta-shaped ring rod and
the wall of the ring enclosing it [40] and removing a wedge slice from
a metallic nanodisk [41]. It is well known that any physical Fano
resonance can be mathematically modeled using a multi-resonance
coupled system of oscillator equations [35]. To this end, the mass
spring model has been accurately applied in explanation of one or two
Fano resonances observed in the extinction cross-section (CS) spectrum
of various nano-scale devices [35,42-44, 53].

In this work, the presence of two distinct Fano resonances in the
optical response of a sub-wavelength planar metallic nanostructure
to normally incident and linearly polarized electromagnetic field is
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demonstrated. The nanostructure is constructed from a circular gold
disk embedding an elongated cavity. Top view of the structure and
description of the incident electromagnetic field are given in Fig. 1(a).
The higher order modes, which provide the mechanism for Fano
resonance generation, are obtained via symmetry breaking. This is
implemented by combining two approaches: (i) The elongated cavity
is shifted along the horizontal axis of the disk [Fig. 1(b)] and (ii) it
is rotated around the normal of the disk [Fig. 1(c)]. Numerical
simulations have demonstrated the presence of three distinct plasmon
resonances in the extinction CS spectrum of this anti-symmetric
geometry. Spectral tuning of these plasmonic resonances through
modification of the geometry parameters produces two distinct Fano
resonances in the visible spectrum. These results suggest that the
disk with the shifted and rotated elongated cavity can be used as the
building block of devices for generating slow light in bio- and chemical
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Figure 1. Description of the incident electromagnetic field and the
top views of the the circular disk with (a) the concentric elongated
cavity, (b) the shifted elongated cavity, and (c) the shifted and rotated
elongated cavity.
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sensing applications. Additionally, in this work, the optical response
of the proposed design is compared to the response of an RLC circuit,
which is mathematically equivalent to that of a mass-spring oscillator.

It should be emphasized here the design of the circular gold disk
embedding a shifted and rotated elongated cavity is distinguished from
previously developed ring-like structures by two novel characteristics:
(i) Two distinct Fano resonances are generated in the extinction CS
spectrum and this is achieved using only one layer of metal without
the need for a metallic multi-layered shell. (ii) Elongated cavity is
not cylindrically symmetric. This introduces the rotation angle of
the cavity as another tuning variable and provides more flexibility for
applications requiring operation in different frequency bands.

The remainder of the paper is organized as follows. In Section 2.1,
an initial design with a concentric elongated cavity is introduced
and it is shown that this design supports a super-radiant dipolar
mode in the visible spectrum under a normally incident z-polarized
plane wave. Note that the elongated cavity’s major axis is along
the z-axis. In Section 2.2, it is shown that breaking the symmetry
of the initial design with respect to the excitation by shifting the
cavity along the z-axis permits higher order plasmon modes in the
visible spectrum. The interference between the dipolar mode and the
quadrupolar mode generates a Fano resonance dip in the spectrum.
Additionally, tunability of the Fano resonace is also demonstrated:
Decreasing the width of the cavity moves the locations of the dipolar
and quadrupolar modes closer and improves the line shape of the Fano
resonance. In Section 2.3, it is shown that the structural asymmetry
introduced by rotating the shifted elongated cavity around the normal
of the disk introduces another dipolar mode in the visible spectrum
generating an additional Fano resonance dip. These Fano resonances
can be tuned by modifying cavity’s rotation angle. In Section 3, it
is shown that the total power drawn by an RLC circuit can be used
to mathematically model the extinction CS of the proposed designs.
Section 5 summarizes the contribution of the work and draws future
research directions.

2. DESIGN AND TUNABILITY

2.1. Disk with Concentric Elongated Cavity

To demonstrate the presence of a super-radiant dipolar plasmonic
mode in the visible spectrum, an initial design consisting of a gold
disk and a concentric embedded elongated cavity is considered first
[Fig. 1(a)]. The diameter and height of the disk and the length
and width of the elongated cavity are D = 100nm and H = 10nm
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and L = 65.5nm and W = 35nm, respectively. These specific
dimensions allow generation of dipolar and quadrupolar modes (which
destructively interfere to induce Fano resonances) within the visible
part of the spectrum. It should be mentioned here that as long as
the overall size of the disk is a fraction of the wavelength, scaling
the geometric parameters of the design (i.e., keeping their ratio the
same) does not significantly change the response of the system (for
example see [51,52] for a detailed discussion on the effect of scaling
on the optical response of a hole in a metal film). In this work, D,
L, and W are large enough to allow for generation of higher-order
modes and also small enough to avoid large phase retardation effects,
which is well-known to complicate the design of the structure. The
structure is excited with a normally incident z-polarized plane wave.
Due to the symmetry of the structure with respect to the excitation,
only a dipolar mode is excited; higher order modes remain dark. This
is clearly demonstrated by the extinction CS spectrum presented in
Fig. 2. This dipolar mode is named D; in the remainder of the text. As
shown by the surface charge distribution on the structure around D7’s
resonance frequency (inset of Fig. 2), D; possesses a non-zero dipole
moment along the x-axis. Therefore the corresponding resonance in
the extinction CS spectrum becomes visible under the excitation with
an z-polarized incident field. However, higher order modes remain
dark since they do not possess the dipole moment that would permit
the incident field’s energy to couple to the modes.

It should be noted here that the plasmon hybridization theory [45]
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Figure 2. Extinction CS spectrum of the circular disk with the
concentric elongated cavity. The geometry parameters shown in
Fig. 1(a) and the height of the structure are D = 100nm, L = 65.5 nm,
W = 35nm, and H = 10nm respectively. The inset shows the charge
distribution on the structure at 762 nm, marked with the blue dot on
the plot. The charge distribution shown in the color plot is normalized
between —1 (blue) and 1 (red).
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can be used to explain the plasmon mode interactions on rather
complex nanostructures through hybridization of individual plasmon
modes supported by the structure’s constitutive elements [45]. In
this case, these constitutive elements are the circular disk and the
elongated cavity embedded in an infinite uniform gold film. The
plasmon hybridization theory models D; as a hybrid mode between
the dipolar modes of the disk and the cavity. The surface charge
distribution on the structure around D;’s resonance frequency (inset
of Fig. 2) demonstrates that the dipole moments of these individual
dipolar modes are both in the z-direction making D; a bonding state
hybrid mode. It should be noted here that the anti-boding state
hybridized dipole mode cannot be excited with this incident field since
the fully asymmetric charge distributions generated by the dipolar
modes of the disk and the cavity cancels out the net dipole moment
along the x-axis.

2.2. Disk with Shifted Elongated Cavity

To allow for generation of higher order plasmon modes in the visible
spectrum under the same excitation, a structural asymmetry is
introduced in the initial design [Fig. 1(b)]. The elongated cavity with
length L = 65.5nm and width W = 35nm is shifted along the z-axis
by O = 15.25nm. This breaks the structural symmetry (with respect
to the excitation) of the initial design permitting incident field’s energy
to couple to the higher order modes. This is clearly indicated by the
extinction CS spectrum presented in Fig. 3(a); two distinct plasmon
modes are identified: A dipolar mode (named D) and a quadrupolar
mode (named Q).

Like D1, D5 is a bonding state hybrid mode between dipolar modes
of the circular disk and the shifted elongated cavity embedded in an
infinite uniform gold film (Section 2.1). This is clearly demonstrated
by the charge distribution on the structure around Ds’s resonance
frequency (inset of Fig. 3(a), frequency marked with the blue dot).
The mode @)1, which remains dark in the initial design, is a hybrid
mode between the quadrupolar modes of the disk and the cavity. This
is clearly shown by the charge distribution on the structure around
(@1’s resonance frequency (inset of Fig. 3(a), frequency marked with the
green dot); the charge is distributed in the form of hybrid quadrupolar
modes (one around the outer surface of the disk and another on the
inner surface of the cavity). It should also be noted here that @ is
made dipole active through symmetry breaking; its charge distribution
has a non-zero net dipole moment along the z-axis. This clearly
explains why the z-polarized incident field excites Q1.

The asymmetric/non-concentric configuration of the circular disk
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Figure 3. (a) Extinction CS spectrum of the circular disk with the
shifted elongated cavity. The geometry parameters shown in Fig. 1(b)
and the height of the structure are D = 100nm, L = 65.5nm,
W = 35nm, O = 15.25nm, and H = 10nm respectively. The insets
show the charge distributions on the structure at 656 nm (marked with
the green dot on the plot), 696 nm (marked with the red dot), and
784nm (marked with the blue dot). (b) Amplitude of the net dipole
moment along the z-axis. (c¢) Extinction spectrum of the structure
without the “wire”. The inset shows the charge distribution on the
structure at 720 nm (marked with the blue dot on the plot).

and the elongated cavity creates a thin “wire” on the narrower side
between the disk and the cavity. The plasmon modes’ electric field
amplitudes reach to the maximum around the thinnest section of the
wire indicating that the coupling between the modes is strongest along
the thinnest section [46]. As a result, one can argue that the thickness
of the wire determines the strength of plasmon coupling between modes
of the disk and the cavity. Thinner wire means stronger hybridization
and larger energy split between the bonding and anti-bonding states.
It should be noted here that completely removing the wire (which
results in a horseshoe shaped structure) eliminates @);. This is clearly
shown by the extinction CS spectrum of the horseshoe shaped structure
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presented in Fig. 3(c). Obviously, even an asymmetric configuration for
this shape fails to generate a higher order mode in the visible spectrum.

Extinction CS spectrum of the circular disk with the shifted
elongated cavity [Fig. 3(a)] shows that Dy and @ overlap spectrally.
As expected the super-radiant Dy is wider while the sub-radiant Q¢
is narrower. The destructive interference between these two modes
generates a Fano resonance dip. The charge distribution around the
dip (inset of Fig. 3(a), frequency marked with the red dot) reveals
that the net dipole moment along the z-axis is cancelled due to
overlapping of the modes D5 and Q1. This explains why the x-polarized
incident field’s energy does not couple to the structure around the Fano
resonance. The difference in the modes’ extinction CS amplitudes can
be explained by the difference in the amount of energy they can receive
from the incident field. The amount of energy coupled to a mode is
related to the amplitude of that mode’s net dipole moment along the
incident field’s polarization. This is demonstrated by Fig. 3(b), where
the amplitude of the net dipole moment along the z-axis is provided;
as expected, the locations of the peaks of the dipole moment and their
relative amplitudes match to those of the extinction CS. Additionally,
this figure clearly demonstrates the destructive cancellation of the
dipole moment along the z-axis around the Fano resonance.

Next, the effect of filling the shifted elongated cavity on the
resonance frequencies of Dy and () is characterized. The cavity is
filled with silica (refractive index n = 1.5) and as expected due to
change in the optical path length of the resonance and demonstrated
by the extinction CS spectrum provided in Fig. 4(a), resonances of Do
and @i red shift [47]. Additionally, Fig. 4(a) reveals that the change
in the amplitude of the extinction CS of @)y is significantly higher than
that of Dy. When the cavity is filled with silica, the effective optical
size of its inner surface increases. This provides effectively a larger
area for charges to distribute. Since (Q1’s charge distribution has more
variations (when compared to that of Ds, where only one positive
and one negative peak exist), its dipole moment is more sensitive to
the optical size of the inner surface. Therefore, as expected, the the
amplitude of @)1’s extinction CS is more sensitive to the refractive
index of the material filling in the cavity. This also suggests that the
electrical size of the cavity can be used to tune the Fano resonance. To
further demonstrate this, cavity’s width is changed from W = 20nm
to W = 45nm with a step of 5nm. Fig. 4(b) plots the extinction
CS spectrum for each value of W; the resonances of the Dy and Q3
red shift as the width of the cavity increases. Additionally, the figure
reveals that the overlap between Dy and Q1 increases as the width of
the cavity decreases (since the spectral shift in the resonance of Dy is
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Figure 4. Tunability of the design with the circular disk and the
shifted elongated cavity. (a) Extinction CS spectrum of the design with
the cavity filled with silica (refractive index n = 1.5). (b) Extinction
CS spectra of the designs where the cavity’s width is changed from
W = 20nm to W = 45nm with a step of 5nm while the other
parameters are D = 100nm, L = 65.5nm, O = 15.25nm, and
H =10nm.

larger than that of @1). Consequently, the asymmetric line shape of
the Fano resonance improves with the decreasing cavity size (i.e., fill
factor).

2.3. Disk with Shifted and Rotated Elongated Cavity

Rotating the shifted elongated cavity around the normal of the disk
introduces an additional structural asymmetry to the design [Fig. 1(c)].
Here, 0 is the angle that the elongated cavity’s major axis makes with
the z-axis at its center. Consider, for example, the design with 8 = 40°;
an z-polarized plane wave normally incident on this structure generates
three plasmon modes as demonstrated by the extinction CS spectrum
provided in Fig. 5(a). Two of these modes are dipolar modes (named
D3 and Dy) and one of them is a quadrupolar mode (named Q2).

As with the previously described modes, the plasmon hybridiza-
tion theory can be used to describe the physical properties of D3, Dy,
and Q2. Like Dp (Section 2.1) and Ds (Section 2.2), D3 and Dy are
hybrid modes between the dipolar modes of the circular disk and the
shifted and rotated elongated cavity embedded in an infinite uniform
gold film. This is clearly demonstrated by the charge distributions on
the structure around the resonance frequencies of D3 and Dy (inset
of Fig. 5(a), frequencies marked with the blue and black dots, respec-
tively). Dipole of moment of D3’s charge distribution is largest along
the major axis of the cavity but still has a non-zero value along the z-
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Figure 5. (a) Extinction CS spectrum of the circular disk with
the shifted and rotated elongated cavity. The geometry parameters
shown in Fig. 1(c) and the height of the structure are D = 100 nm,
L = 65.5nm, W = 35nm, O = 15.25nm, 6§ = 40°, and H =
10 nm, respectively. The insets show the charge distribution on the
structure at 622nm (marked with the green dot on the plot), 674 nm
(marked with the red dot), 788 nm (marked with the blue dot), 904 nm
(marked with the cyan dot), and 1020 nm (marked with the black dot).
(b) Amplitude of the net dipole moment along the z-axis.

axis and the dipole moment of D,’s charge distribution is largest along
the z-axis. Like @ (Section 2.2), Q2 is a hybrid mode between the
quadrupolar modes of the disk and the cavity. Charge distribution on
the structure around Q2’s resonance frequency (inset of Fig. 5(a), fre-
quency marked with the green dot) shows that @2 also has a non-zero
dipole moment along the z-axis. Presence of non-zero dipole moments
along the z-axis for D3, Dy, and Q)2 explains why the z-polarized in-
cident field excites these modes.

As clearly shown in Fig. 5(a), the super-radiant mode Ds
spectrally overlaps with both D4 and Q2. The super-radiant Djg is
wider while the sub-radiant D, and )2 are narrower. The destructive
interference between Q2 and D3 and D3 and D, generate two Fano
resonance dips in the visible spectrum. The presence of destructive
interference between Q2 and D3 and D3 and Dy is demonstrated by
the charge distributions around the Fano resonance dips (the inset of
Fig. 5(a), frequencies marked with the red and cyan dots). Around the
Fano resonance frequencies, the net dipole moment along the z-axis is
cancelled due to spectral overlapping of the modes, which generate
dipole moments in opposite directions. This explains why the z-
polarized incident fields energy does not couple to the structure around
the Fano resonances.

As discussed in Section 2.2, the extinction CS amplitude of a
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mode depends on the energy it can receive from the incident field
and hence the net dipole moment along the field’s polarization. This
is demonstrated by Fig. 5(b), where the amplitude of the net dipole
moment along the z-direction is provided; as expected, the locations
of the peaks of the dipole moment and their relative amplitudes match
to those of the extinction CS.

Next, the effect of the rotation angle 6 [measured from the z-axis,
Fig. 1(c)] of the shifted elongated cavity on the resonance frequencies
of D3, Dy, and Q5 is characterized: 6 is changed from 10° to 90° with
a step of 20°; the extinction CS spectrum computed for each value of
0 is provided in Fig. 6. As demonstrated by the figure, the extinction
CS amplitude peak that corresponds to D4 gets intensified while those
that correspond to D3 and ()2 turn off as 6 changes from 10° to 90°.
As discussed before, this can be explained by the change in the mode’s
net dipole moment along the z-axis as 6 changes. For example, for
0 = 90°, D3’s dipole moment along x-axis vanishes, and the mode
cannot be excited with an x-polarized incident field any more. As a
result the extinction CS amplitude of D3 vanishes.

3. RLC CIRCUIT MODEL

The optical response of the shifted (and rotated) elongated cavity can
be replicated using an electrical oscillator that can support multiple
resonances. In this work, the RLC circuit shown in Fig. 7(a) is used
for this purpose; the mathematical model of this RLC circuit is similar
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Figure 6. Tunability of the design with the circular disk and the
shifted and rotated elongated cavity. Extinction spectra of the designs
where the cavity’s rotation angle is changed 10° to 90° with a step
of 20° while the other parameters are D = 100nm, L = 65.5nm,
O = 15.25nm, and H = 10 nm.
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Figure 7. (a) Description of the RLC circuit that supports three
resonances. (b) Normalized spectra of P for the circuit with v =
21.76 THz, v = 23.03THz, w; = 446.98 THz, wy = 397.19 THz,
Q1o = 168.50 THz, and 13 = Q923 = 0, and the extinction CS for
the design with D = 100nm, W = 35nm, L = 65.5nm, O = 15.25 nm,
and H = 10nm. (c) Normalized spectra of P for the circuit with
v = 27.32 THz, vo = 25.52 THz, 75 = 18.23 THz, w; = 464.29 THz,
Wy = 38214THZ, w3 = 32149THZ, Q12 = 18834THZ, ng =
125.77 THz, and (o3 = 145.20, and the extinction CS for the design
with D = 100nm, W = 35nm, L = 65.5nm, O = 15.25nm,
H = 10nm, and 6 = 40°.

to that of the mass-spring oscillator developed in [53] to model two
distinct Fano resonances. The spectrum of the power drawn by the
RLC circuit can be used to mathematically imitate the extinction
CS spectrum of the designs with two plasmon modes Do and Qi
(Section 2.2) and three plasmon modes D3, Dy, and Q2 (Section 2.3).
The circuit consists of three loops of resistive, inductive, and capacitive
elements (R;, L;, and C;, i = 1,2, 3), which are coupled using



Progress In Electromagnetics Research, Vol. 130, 2012 199

capacitive elements (Ci2, Ci3, and Coz). Each loop corresponds to
one plasmon mode: Combination of inductive and capacitive elements
in each loop generates a resonance while the resistive element accounts
for the energy dissipation (due to radiation and ohmic loss). The
electromagnetic field incident on the designs is modeled as a time
harmonic voltage source, Vi(t) = Re{Ve/*!}, feeding the loop 2,
which represents the dipolar mode that is excited by the incident field.
Applying Kirchhoff voltage law to each of the loops in the direction of
the arrows as shown in Fig. 7(a) yields a coupled system of equations

[ 1 1 1 ] I I

2 . 2 3
—wlh+jwRi+—=—+—+—|H1——=———=—=0
L L Jeim 1 Ci2  Ci3] ! Cia  Cis
[ 1 1 1] I I

2 . 1 3
—wLy+jwRy+ —+—+— |l ——— — — =V 1
i 2w Cy  Ci2  Cas] 2 Cia Oy (1)
[ 1 1 1 ] I I

2 . 1 2
—w L3+ jwR3+ —+—+—|I3—— ——=0

3TJ 3 Cs Ci3 023_ 3 Ci3 Co3

where I; represents the current on loop i, ¢ = 1, 2, 3. Expressing I; as
the rate of change of charge, i.e., I; = jwq;, in the coupled system of
Equation (1), one can obtain:

Tiq1 — Qi5q2 — Q393 = 0
Tago — Qg1 — Q3393 = V/ Lo (2)
T3q3 — Qf3q1 — Q332 =0

where T; = —w? + jwy + w?, w; = 1/(L;iCe;)® is the natural
resonance frequency of the loop i, v; = R;/L; and Ceg represent
its damping coefficient and equivalent capacitance (assuming other
loops are open), respectively, and §;; = 1/ (LiCZ-j)O'E’ is the coupling
coefficient between the loops 7 and j. Here, Cey;, ¢ = 1, 2, 3, are given
by 1/Ceq1 = 1/C1 +1/Ci2 4+ 1/C13, 1/Ceqo = 1/Co + 1/Ci2 + 1/Cas,
and l/Cqu = 1/03 + 1/013 + 1/013.

Given the phasor of the voltage source, V', to obtain an expression
for the time average total power drawn by the circuit, P, one should
known I. Coupled system of Equation (2) can be solved for go; then
an expression for I, can be obtained using Is = jwqs. Inserting this in
P = 0.5Re{VI;} yields an expression for P:

P = 05[V|*Re {jw (Qf; — T1T3) / (L2 [203,03503,
+Q§3F1 + Qéllzrg +I'y (9%3 — F1F3)] )} (3)
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As mentioned above, P can be used to mathematically imitate the
extinction CS of the designs supporting Do and @y and Ds, Dy, and
Q2. The P vs. w curve described by Equation (3) is numerically fitted
to the extinction CS spectra, which are obtained via the finite element
simulations, using the Levenberg-Marquardt algorithm implemented
within OriginLab commercial software [54]. The algorithm produces
the parameters Qq9, Qq3, Qos, v;, and w;, ¢« = 1, 2, 3, which can then
be used to find R;, L;, and C;, ¢« = 1, 2, 3. First, the design that
supports Do and () is considered. For this case, 213 = Q93 = 0,
since loops 2 and 1 model Do and @1, respectively, while loop 3 is
left unpowered, i.e., short-circuited. As shown in Fig. 7(b), choosing
v1 = 21.76 THz, v9 = 23.03 THz, w; = 446.98 THz, wy = 397.19 THz,
and 7o = 168.50 THz, normalized spectrum of P is matched to that
of the extinction CS for the design with D = 100nm, W = 35nm,
L = 65.5nm, O = 15.25nm, and H = 10nm. Next, the design that
supports D3, Dy, and ()2 is considered. For this case, loops 1, 2,
and 3 are all active and they model D3, D4, and @2, respectively.
As shown in Fig. 7(c), choosing v; = 27.32THz, 2 = 25.52THz,
~v3 = 18.23 THz, wy = 464.29 THz, wy = 382.14 THz, w3y = 321.49 THz,
Q19 = 188.34THz, 13 = 125.77THz, and Qs3 = 145.20 THz,
normalized spectrum of P is matched to that of the extinction CS for
the design with D = 100nm, W = 35nm, L = 65.5nm, O = 15.25nm,
H = 10nm, and 0 = 40°.

4. SIMULATION PARAMETERS

The electromagnetic wave interactions on the plasmonic nanostructure
design proposed in this paper cannot be computed using (semi-)
analytical methods. To this end, all field interaction computations are
carried out using the RF module of the commercially available Finite
Element based software package COMSOL Multiphysics 3.5a [48].
The computation domain is truncated using a 50nm thick perfectly
matched layer (PML) introduced on a spherical surface with radius
250 nm (measured from the center of the disk). On the outer surface of
the PML, scattering boundary conditions are enforced. The scattered
field formulation is used to introduce the normally incident x-polarized
plane wave into the computation domain.

The empirically determined dispersive and complex refractive
index of the bulk gold, which is known as Johnson and Christy
model [49], is used in all COMSOL simulations. A table listing values
of the complex dielectric constant measured at frequency samples are
provided in [50]; linear interpolation is used to compute dielectric
constant values at frequencies in between these samples.
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The absorption CS is calculated by integrating the time average
resistive heating in the volume of the gold disk [7]. The scattering
CS is calculated by integrating the time average radiated field power
density on a spherical surface, which encloses the structure, in the far-
field region. The extinction CS is obtained by summing the absorption
and scattering CSs.

The charges induced on the surface of the structure are computed
from the boundary conditions on the normal component of the electric
field. The charges induced in the volume of the structure are
computed from the divergence of the electric field. In dipole moment
computations, both surface and volume charges are taken into account.

5. CONCLUSION

The presence of Fano resonances in the optical response of a
sub-wavelength planar metallic nanostructure to normally incident
and linearly polarized electromagnetic field is demonstrated. The
nanostructure is constructed from a circular gold disk embedding an
elongated cavity. The symmetry of the structure with respect to the
incident field is broken by shifting and rotating the elongated cavity.
The spectral overlaps between the super-radiant plasmon mode and the
sub-radiant ones, which are induced due to symmetry breaking, result
in two distinct Fano resonances in the visible spectrum. It is shown that
these resonances can be tuned by varying the geometry parameters,
especially the width and the rotation angle of the elongated cavity.
Additionally, extinction CS of the proposed design is compared to the
total power drawn by an RLC circuit, representing a mathematical
model analogue to a mass-spring oscillator.

Results presented in this work suggest that arrays constructed
from various combinations of the proposed design can be used in
several interesting applications, where the presence of two distinct Fano
resonance regions can be particularly useful. One interesting example
of such applications is bio- and chemical particle detection using slow
light. Detailed theoretical and numerical analysis of such arrays and
their applications will be carried out in a future work.
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