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Abstract

Due to the coupling effect of Surface Plasmon Resonance (SPR) excited by the incident
electromagnetic wave, the gold nanodisks structures show special optical properties that can be
applied in many fields of nano-technology. In this work, a model based on the finite element
method (FEM) is developed to investigate the effect of the relevant parameters on the optical
properties of gold nanodisks. The study is performed for various possible configurations, one,
two, three and four gold nanodisks when they are aggregating in dielectric medium. Based on
the accurate geometric parameters, we plotted the numerical results of the resonance energy in
various conditions involving gap distance and radius of nanoparticles.

Keywords—gold nanodisks, optical properties, surface plasmon resonance and finite element
method.

1. Introduction

One of the most interesting properties resulting from the interaction between electromagnetic
waves and metallic nanoparticles is the excitation of collective oscillations of the conduction
electrons, localized surface plasmon resonances (LSPR). Newly, the physicists seek to control
the scattering of an incident optical energy during light-matter interaction, and also, to
investigate the features of near-field localization of plasmonic nanoscale configurations.
These have significant impacts on development of highly efficient subwavelength optical
devices such as biosensors ([1], [2]), photovoltaics and solar cells ([3], [4]), nanoantennas([5],
[6]), surface enhanced Raman spectroscopy (SERS) [7], and precise bio/chemical sensors [8].
Self-assembled clusters in numerous simple and complex orientations (include symmetric and
antisymmetric regimes) composed of several shapes of noble metallic nanoparticles have
broadly been utilized in optic-based applications from sensing to switching ([9], [10]). Gold,
silver, copper, and aluminum in dimer ([11], [12]), trimer [13], quadrumer [14], heptamer
[15], tetramer [16], octamer [17], and oligomers [18] designations are some of the important
clusters that have wide-range of utilizations in designing various subwavelength all-optical
devices. Furthermore, it’s important to study the effect of other parameters such as the size
and shape of nanoparticles and the surrounding environment to develop these applications in
different devices. From the technical point of view, the quality of formation of Plasmon
Resonance in symmetric and antisymmetric structures can be different. Nanospheres ([19],
[20] and [21]), nanorods ([22], [23], [24] and [25]), shells and pyramids are some of the
popular nanoparticles that can be tailored tosupport strong plasmon resonance in cluster type
aggregates ([11], [14]). Each one of mentioned particles provides specific geometrical features
and tunability. Herein, we use the nanodisk particles in designing dimer, trimerand quadrumer
structures.
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Investigating the coupling effect on the optical properties, we determine the quality of
appeared plasmon resonant mode.

We utilize an antisymmetric quadrumer cluster of gold nanodisks to make the comparison
between the two structures. The Finite Difference Time-Domain FDTD method ([26],[27]),
Boundary Integral method ([28], [29]) and the Finite Element FE method ([30],[31]),
combined with Monte Carlo simulations are used to study the random and periodic
arrangement structures. Moreover, the computer modeling for studying the macroscopic
dielectric behavior of multi components condensed phase and layered composite materials
([28], [32] and [33]) are in full progress.

The remainder of the paper is organized as follows: In Section Il, we give a brief review of
Dielectric Function of Gold. Section Il describes the finite element methodology and
computational aspects. Section 1V reports the results of calculations and comments the effects
of interparticule distance d and radius r of gold nanodisks on the (SPR) in symmetric and
antisymmetric regimes. Concluding remarks are provided in Section V.

2. Dielectric Function of Gold

The optical response of a metal is quantified by its dielectric constant. The latter is a function
of frequency of the interacting electromagnetic wave. Indeed, the interaction of an
electromagnetic wave of pulsation, w, with a metal will lead to a polarization of the medium.
This polarization will then generate a change in the complex refractive index,7(w), which is
related to the dielectric constant by

1%(w)=e(w) €Y

In the case of metal nanoparticles, the electronic properties appear when their size is smaller
than the mean free path of electrons. From a classical point of view, this corresponds to the fact
that the electron-surface collisions are not negligible compared to other interaction processes
(electron-electron, electron-phonon) and must be taken into account in the rate of the optical
collision of electrons. To well model the interaction of an electromagnetic wave with a Gold
nanoparticle, several models are developed to express the dependence of the dielectric constant
on wave frequency. Among these, we can quote phenomenological Drude model (DM) ([34],
[35], [36] and [37]) and Drude-Lorentz model (DLM) (e.g. [38]). Each has its advantages and
weaknesses. The first ignores the interband transitions, while these transitions are possible
when the incident photon energy exceeds a certain threshold. DLM best describes the dielectric
function of Gold, only in the frequency band between 0.5 eV and 3.5 eV. In order to describe
the permittivity of Gold in a wide frequency band, use was made of DM with TCP. This model
is valid in the frequency band between 0.5 eV to 6.5 eV, corresponding to wavelengths between
200nm and 2400nm. Within the framework of this model, the permittivity of a Gold
nanoparticle is expressed by:

w? e e )
E= € — D+ ]2=1A]..Q]< + ) (2)

> T ) p—
we+iyw Nj—w—il'j Njtw+il’y

In this relationship, e.is the permittivity at infinite frequency, wp is the frequency of the
volume plasmon, y is the collision rate of electrons, and the third contribution in the r.h.s of the

above relation represents the Lorentz term.

3. Finite element methodology
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The dielectric behavior of heterogeneous structures has stimulated many theoretical studies
based on numerical calculations, especially in the case where the inclusions are randomly
dispersed in the matrix ([39], [40]). For this particular case, the laws governing the dielectric
behavior of composite materials are deduced [39]. In order to study some details of the
dielectric properties of periodic composites in the quasistatic limit, the finite element method is
used to determine the effective permittivity. A detailed description of the method can be found
in the literature [41]. Here, we consider a parallel plate capacitor, as shown in figure 1, which is
formed by two metal plates of area S; = L X L and separated by the height L. The two plates
are submitted to a potential difference(V, — V).

V2
. L, .
L3 S
1 A
| L
|
1
|
|
|
|
/V |
|
| \
N
_______________ VK
6_V= // 6V_0
on // on
Vg
/’

Vi

Fig.1: Schematic representation of a three-dimensional composite medium by a cell with
lengthL1, widthL> and height Ls. This cell contains two gold nanodiks. On the boundary of
each cell, the potential Vis V1 on the top, and V2 on the bottom, and its normal derivative
0V/on, is equal to zero along the vertical walls.

Solving the problem at hand means finding the local potential distribution inside the unit cell
volume by solving the first principle of electrostatics, namely Laplace’s equation:

V(epe(r)VV) =0 (3)
Where ¢ (r) and V are the local relative permittivity and the potential distribution inside the
spatial domain respectively, with zero charge density.eo = 8.85.10"22F m! is the permittivity of

the vacuum. The electrostatic energy, W%, and losses, P¥, can be expressed in terms of the
potential derivatives for each tetrahedral element by:
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Here, e,and V, represent the permittivity and the volume of the k™ tetrahedron element,
respectively. The phases of the composite are described through their complex permittivity
&, = & +igy . Periodic boundary conditions dV/dn = 0 are enforced on faces perpendicular to x
and y space-directions. Consequently, the edge fringing effects can be eliminated, and then, the
effective permittivity of the composite can be determined from energyW,* and losses P¥ stored
in the capacitor according to

1, S
We=> gefde (V, = V1)? (6)
P=twe 24V, — V)2 7
e_EwgeffT( 2= 1) ( )

Having established the mathematical equation (3) that describes physics, we must point-out
how to solve it for the interested domain, with appropriate boundary conditions. In the frame
work of FEM, the domain is decomposed into a number of uniform or non-uniform finite
elements that are connected via nodes. For each sub space element, the function modeling the
potential V is defined by a polynomial interpolation function. Then, the boundary values are
replaced with an equivalent integral formulation. The interpolation polynomials are then
replaced into the integral equation and integrated in the interested domain. Then the results of
this step are converted into matrix equation, which is afterward solved for V ([41], [42]).

Absorption-cross-section

From the evolution of the effective complex dielectric function, depending on the wavelength
(or frequency) of the incident field, the resonance modes that may occur in nanoparticles are
identified. For this, it would be interesting to calculate the scattering cross-sections and
absorption. The sum of these two quantities defines the extinction cross-section:

Oext = Oaps + Oqiff (8)

In the case where the dimensions are very small compared to the wavelength, the light
scattering can be ignored, and we have:o,,; = 0,ps

The cross-section of extinction (absorption) can be determined from the imaginary part of the
effective dielectric function of the composite using the following equation [43]

_VY k _n
Oabs = 3 Eeff ©)

Here, v,stands for the common volume of nanoparticles, f is their fraction, k is the wave-vector

amplitude of the electromagnetic wave, and n,crepresents the refractive index that can be
related to the real and imaginary parts, &, cand e;’ffof the effective permittivity by ([44]).
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This formula clearly shows that the peak of Im(e,)indicates that the light is rather absorbed
in specific regions. The effective dielectric function and the effective refraction index are
calculated using FEM. Hence, the section of optical absorption is easily obtained. In the
following section, we present and discuss our findings.

4. Results and discussion

The plasmonic nanostructures discussed in this work are depicted in Figure 2. Six structures of
gold nanodisks are studied and analyzed quantitatively. The first structure (system a) is a single
nanodisk (Figure 2a). The other structures are coupled nanodisks for various configurations,
dimer, trimer and quadrumer (Figures 2 b-f).

In the first case, we study the optical response of a single gold nanodisk, whose results are
compared to those of a single gold nanosphere of same radius. The disk radius and height are
r=14 nm and h=5 nm, respectively. The particles are immersed in cubic matrix of permittivity €
=1.77 (fixed for the entire following studies) and a volume fraction of f=0.05.

(@) (b) (c)
d
% |

Fig.2: Schematic representation of the different configurations of gold nanodisks.

Figure 3 compares the optical response of these single particles (nanodisk, sphere). In
particular, we plot the variation of the real and imaginary parts of the effective permittivity as a
function of the photon energy. We recall that the external electric field is applied in the z-

direction. The imaginary part of the effective permittivity Im(e.)permits to obtain the peak
position of the Plasmon Resonance. This peak is shown at the photon energy Er =1.97 eV
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Fig.3: Evolution of the real part (a) and imaginary part (b) of the effective permittivity for gold
nanodisk and nanosphere. The disk radius is 14 nm and the height is 5 nm (black curve). The
gold nanosphere has the same radius (blue curve). The particles are immersed in cubic matrix
of permittivity € =1.77.

(Wavelength A~631nm) for the disk and Er =2.36 eV (Wavelength A~526nm) for the sphere
(with same radius).
In the second case, we examine the coupling effect on the optical property in different modes.
For this, we consider two configurations which contain two couples of gold disks, which in the
first configuration are located in the longitudinal mode (Figure 2b) and in randomly oriented
mode (Figure 2c) in the second one. It should be noted that we keep the same previous values
of the radius of the gold nanodisks, the height, and the volume fraction of f = 0.05.
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Fig.4: Evolution of the resonance energy in term of the gap distance. The value of the gap
distance increases from 1nm to 18nm.The disk radius and height are 14 nm and 5 nm
respectively.

The corresponding results have been well shown in the figure4. report the evolution of the
resonance energy in term of the gap distanced by changing this from 1nm to 18nm.Three
salient features can be observed. On the one hand, when the gap distance increases, we observe
an increase of the resonance energy. On the other hand, when the gap distance reachs the value
of 14 nm (almost equal the radius of the disk), the resonance energy is kept fixed. Otherwise,
when we compare the both modes, we observe that the L-mode gives resonance energy values
reaching IR interval.

Now, we study the coupling effect in the subgroup v-shaped (figure 2d). For this, we keep r, h
and f of disks parameters fixed. The results are depicted in figure 5; we then plot the absorbing
cross-sectional profiles for the subgroup versus the gap distance. Noticing in this diagram that
for gap distances smaller than 4 nm, the energy of multipolar modes is strong, this indicates the
quality of appeared second peak. For bigger sizes of gap distances, the energy of multipolar
peak is dramatically weak, and even this peak is absent for d=8 nm. These results show that the
weak coupling gives rise to blue-shift, due to decrement the intensity of multipolar extremes.
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Fig. 5: Absorption Spectrum of subgroup v-shaped composed of gold nanodisks, with the
radius of r=14nm and the heights h=5nm. The value of the gap distance increase from 2nm to
8nm.

In continue, we study coupling effect for a symmetric quadrumer composed of gold nanodisks
(figure2 e), the nanoparticles are located with two different gap distances from each other (d=4
nm, e=3 nm), so the system is in a strong coupling configuration. Two situations are examined
depending on the external electric field direction. The latter is applied in two opposite linear
polarizations (transverse and longitudinal modes). For each mode we sketched the absorbing
cross-sectional profiles (figure 6 a, b). Beginning by the longitudinal one and increasing the
radius of gold nanodisks, in the examined quadrumer, from r=14 nm to r=16 nm
(corresponding to the change of the volume fraction from 5% to 6%), we remark that this gives
rise to dramatic red-shifts in the localization of SPR peak. For instance, for r=14 nm, the peak
of dipolar electric mode appears at A~701nm. In the same condition, for a quadrumer composed
of nanodisks with the radius r= 16 nm, the SPR peak position appears at A~730nm.

For the incident transverse polarization mode, the structure reflects the same
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Fig. 6: Absorption Spectrum of The symmetric quadrumer, for various nanodisks radius with
fixed height h=5nm, under illumination by longitudinal (a) and transverse (b) electric
polarization modes. The particles are immersed in a cubic matrix of permittivity € =1.77.

behavior as for the longitudinal one, where the SPR peak is also red shifted but the absorption
cross-section is more pronounced than for longitudinal mode. The important remark is that for
the bigger sizes of the quadrumer, strong plasmon resonant modes can be supported effectively,
but it should be considered that more increments in the size of nanoparticles cause undesired
absorption of electromagnetic (EM) field by the structure.

As mentioned in the previous paragraph, the size of radius of nanoparticles is important for
determining the SRP peak position. Other structure studied here is the antisymmetric
nanocluster, depicted in (figure.2 f), which is based on the same geometrical parameters. The
result is shown in figure 7; the radius of the gold disks is increasing in the range of 14-16 nm.
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Fig.7: Absorption Spectrum of The antisymmetric quadrumer for various nanodisks radius
from 14nm to 16nm and with fixed height h= 5nm under illuminating by longitudinal electric
polarization mode. The particles are immersed in cubic matrix of permittivity € =1.77.
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For r=14 nm and r=16 nm, we observed the peak positions at A ~112nm and A ~ 116nm
respectively, we see that whenever we increased the radius of inclusions, the structure gives
rise to dramatic red-shifts in the position of the quadrupole and dipole peaks.

5. Conclusions

In this work, we examined optical properties of different nanoclusters, which are composed of
gold nanodisks. All the nanostructures are considered in water (¢ =1.77). Choosing accurate
geometrical sizes for a well-organized naodisks, the effect of structural modifications on the
spectral response of the heterogenic structures has been examined numerically. It is shown that
increasing the size of nanodisks radius gives rise to red-shift of the SPR-peak. Increasing and
decreasing the size of gap distance between proximal nanoparticles of subgroup v-shaped
arrangements causes blue and red shifting of the SPR-peak and resembles the weak and strong
coupling regimes, respectively. Comparing between the symmetric and antisymmetric
quadrumer cluster of gold nanodisks, the two structures reflect the same response, where the
SPR-peak shifts toward the red. These structures have a strong potential to employ in various
applications such as sensing, biological imaging, optical and optoelectronic devices and cancer
therapy.
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