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Abstract: The gap-induced plasmonic response of metallic nanoparticles drastically changes the
near and far-field properties of nanoparticle antenna. Similar to a pair of metallic nanostructures,
the two nanoparticles, with a dielectric core and silver shell in close proximity, exhibit multiple
high energy plasmonic resonances at the short wavelength end of their optical spectrum. In this
article, we have overwhelmingly investigated the disparity in the electric field of a core-shell
dimer antenna when the gap between nanoparticles within the dimer becomes sub-nanometer
in length. We used an electromagnetic planewave to excite the core-shell nanoparticles within the
dimer. Frequency domain Finite Element Method (FEM) was employed for the numerical optical
analysis of a dimer comprised of two silver-coated silica (SCS) nanoparticles in close proximity, using
Computer Simulation Technology (CST) Microwave Studio. A modified Drude model has been used
to predict the optical properties of the system with incorporating the size effects. The SCS dimer was
numerically analyzed in the visible frequency band, and anomalies in near-field plasmonic coupling
were investigated in detail. The inter-surface gap g between nanoparticles within the dimer varied in
a range from 0.1 to 402 nm.

Keywords: core-shell nanoparticles; silver; coupling; near field; Multiple dipolar modes;
gap; Plasmons

1. Introduction

Light-induced oscillation of conduction electrons within sub-wavelength regimes in metallic
nanoparticles such as Ag and Au is usually termed as localized surface plasmon resonance (LSPR).
Owing to their small size, these nanoparticles are able to concentrate light in a sub-wavelength region,
resulting in a remarkable enhancement of the electric field in their vicinity [1,2]. The wave dynamics
and electron transport studies in the vicinity of and inside complex nanostructures interconnect
different fields, such as metamaterials, plasmonic, quantum transport, and molecular electronics [3,4].
Properties exhibited by LSPR, e.g., near/far-field enhancement and nanoantenna performance, are
tunable by varying certain parameters, such as the particle diameter and the dielectric core and/or
shell, and by modifying the surfaces of the nanoparticles [5-7]. The plasmonic behavior of metal and
core-shell nanoparticles has been utilized in many advanced technologies, e.g., imaging, sensing, and
biomedical technologies [8]. Most of these applications incorporate the optical response of metallic
nanoparticle arrays or clusters of nanoantennas. In order to utilize the optical response of these
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nanoparticles, detailed studies of the optical properties of the dimers, trimers, and arrays of many
particles are extremely vital [9]. One important parameter is the inter-particle distance for regulating
the plasmonic response of metallic and core-shell nanoparticle antennas, according to the necessities
of already mentioned applications. Near field dipolar coupling is very sensitive to the gap between
two plasmonic nanoparticles within the dimer antenna. Therefore, in recent years, the hybridization of
electric fields between two nanostructures excited by Electromagnetic (EM) waves and separated by
subwavelength regions has become of interest to researchers working in this area. A strong electric
field of two or more metal nanoparticles in close proximity has demonstrated an enhancement in
biochemical sensors, nanoantenna, and imaging properties [10-12]. Various types of nano-structures,
e.g., nano-rods, bowties, nanowires, nanoparticles, and nano-cubes, have been investigated in attempts
to achieve strong electric fields in their closed surroundings [11,13,14]. Different theoretical approaches
have been attempted so as to explain the interacting electric fields of two nanostructures in close
proximity. These theoretical approaches can be divided into two categories: (i) non-local/quantum
optical response and (ii) classical /semi-classical optical response [15]. In 2003, it was reported that
the wavelength of an inelastically scattered EM wave varies exponentially with the inter-particle
gap and is independent of the shape and size of plasmonic nanostructures [16,17]. Some recent
theoretical and experimental studies about nanoparticle dimers have confirmed that exponential
behavior, called the “Ruler equation,” breaks down when the gap between nanostructures in terms
of size becomes smaller [18] since, at such small separation, there is an abrupt increase in near-field
coupling of the dimer [19]. In addition to the breakdown of the Ruler equation due to strong
near-field coupling, there is an associated transition of electric field distribution which leads to
the breeding of two plasmonic modes as the gap between nanoparticles approaches a nanometer or
sub-nanometer level [20]. These plasmonic modes strongly affect the major bonding dipolar mode
between nanoparticles within the dimer. In recent years, this escalation in near-field coupling and
the generation of different dipolar modes have been investigated in various types of pair contacting
surfaces, e.g., spherical or flat surfaces of nanowires and face—face or edge—edge nano-cubes [13,20].

Contrary to previous reports, we suggest in this paper that such breeding plasmonic modes can
be explained by a classical modified Drude model, which incorporates size effects in terms of collision
frequency. In this article, a detailed investigation of near-field coupling of an SCS dimer is presented.
Throughout the article, we use the term dimer antenna for two interacting SCS nanoparticles excited
by an EM plane wave. In this article the strength of field coupling and directivity of high energy
Multiple Dipolar Modes (HEMDMs) has been explained. We investigated the optical properties of two
interacting SCS nanoparticles using a modified Drude model which also includes the size effects of
nanostructures on their dielectric constant. This study shows that the near-field plasmonic properties
of SCS dimers can be tuned by varying the gap between nanoparticles within a dimer, instead of
via more complicated processes such as varying the diameter of the core and the surrounding shell.
We perform all calculations using a CST Microwave Studio.

2. Geometry of Dimer Antenna and Modified Drude Model

All dimensional parameters of the SCS dimer are depicted in Figure 1. The SCS dimer structure
was mainly comprised of two SCS nanoparticles, separated by distance “d” and embedded in free
space. Each individual particle had a passive silica core with a radius R; of 37 nm and an Ag shell with
a thickness of 12 nm around the silica core. The total diameter of each particle was 98 nm. The spatial
directions X, Y and Z were specified by a local coordinate system (1, v, w), as shown in Figure 1.
An electromagnetic planewave propagated along the Z-axis excited the SCS dimer antenna, while its
electric and magnetic components were perpendicular to the direction of wave propagation. The center
of the left-handed particle lay at X = Y = Z = 0, while the other, similar particle on the right hand was
always portable by the distance g along the X-axis.
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Figure 1. Silver-coated silica (5CS) dimer model. The brown sphere indicates the silica core and the
light-blue semi-transparent circle around the silica core represents the silver shell; d = g + 98 is the
separation distance between the centers of the nanoparticles.

Plasmonic resonance and near-field enhancement properties of the core-shell nanoparticle system
can be tuned greatly by varying the ratio Ry /R; [21]. To investigate the optical response of a nano-sized
dimer with a metal shell and a dielectric core, size effects need to be taken into account in the Drude
model because the optical response of nano-dimensional materials is intensely different from their bulk
counterpart. The Drude model modified with size effects is presented in [21]. The dielectric response
of any material can be written in terms of the Drude response and the interband transition, as follows:

S(R/w) = EDrude(R/("J) +X1nterhand(w) (1)

where R is the thickness of the surrounding shell. The Drude model can be expressed as

R,w)l = w TR} .
€Drude(R, )1 = TR+ TR +a?) .

This modified Drude model incorporates size effects in the form of size-dependent damping
frequency. This is due to the fact that, in nano-dimensional materials (<100 nm) or materials smaller
than the mean free path of electrons, the damping frequency ‘I'” has an inverse relation to the size of
the material (R) as given in Equation (3).

I['(R) =Te + ﬁ ®)
R

A is constant at ~1, and VF is the Fermi velocity. The values of all Drude parameters and the Fermi
velocity were used to compute the dielectric dispersion in a 12 nm silver shell, where m*/m = 0.96,
N =585 x 10® m~3, Vp =1.39 x 10° m/s, and w, = 1.39269 x 103 s™1, as given in [21]. It should
be noted that this model incorporates size effects but excludes quantum tunneling or charge transfer
between SCS nanoparticles at small gaps. The inclusion of size effects transforms the Drude model
from a classical to a semi-classical model.

3. Results and Discussion

The variation in the scattering cross-section of SCS dimer antennas was monitored as a function
of the wavelength at different values of g (=d — 98), as depicted in Figure 2a. The gap g varied
from 0.1 to 402 nm. Small values of g (0.1~2 nm) ensure strong near-field coupling. The number of
plasmonic resonance peaks and their intensities were sensitive to inter-particle gap g. The SCS dimer
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antennas exhibited a single major dipolar mode when 12 nm < g < 402 nm. A second dipolar mode
appeared when the value of ¢ was below 12 nm, and a third dipolar modes was generated when
¢ <2nm, as shown in Figure 2b. The latter two dipolar modes we refer to here as high energy Multiple
Dipolar Modes (HEMDMs). The corresponding resonance energies and wavelengths of all modes
are tabulated in Table 1. In Figure 2a, the first resonance peak is represented by circles and has high
intensity and broadness. This resonance peak is attributed to the major bonding dipolar mode and
red-shifted as g decreased. Figure 2b shows the presence of HEMDM peaks in a more highlighted
form in a g range from 0.1-12 nm. Only this range was selected for Figure 2b because HEMDM peaks
above this range were not present. The major dipolar mode exhibits greater intensity and broadness
than the HEMDM. All three resonance peaks corresponded to different dipolar modes with different
resonance wavelengths and red-shifted with a decrease in g value. The most energetic HEMDM peak
had resonance energy in a range from 2.434 to 2.805 eV and appeared when ¢ was 0.1-1.1 nm, while
the second HEMDM (1.990-2.794 eV) occurred when g was 0.1-12 nm. The peak corresponded to
the major dipolar mode and shifted from higher (2.481 eV) to lower energy values (1.441 eV) as the g
value decreased from 402 to 0.1 nm. In previous findings, the plasmonic behavior of major dipolar
modes was investigated in a core-shell dimer system and was based only on the R;/R; ratio [22].
However, the findings of this article suggest that, by varying the inter-particle distance g, the SCS
dimer will possess high tunable plasmonic properties regarding the co-existence of different dipolar
modes with different frequency and energy values.
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Figure 2. (a) Scattering cross-section of dimer as a function of wavelength at all calculated values of g.
The circles shows a main dipolar resonance peak, while the triangles indicate high energy multiple
modes; (b) High-energy multiple resonance peaks where g is 0.1-12 nm.
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Table 1. Peaks positions at small value of g.

Energy (eV) Wavelength (nm)
S.No. g(mm) No. Peaks — :
Main Dipolar Peak ~ HEMDEM Peaks MAIN Dipolar Peak HEMDM Peaks

. ii. 1.990 . ii. 481.1
1 0.1 3 i 1.441 i 2.434 i. 348.4 il 588.5

. ii. 2.406 . ii. 581.7
2 0.4 3 i. 1.660 i 2.805 i. 401.3 il 678.2
3 02 2 i. 1.89 ii. 2.78 i. 654.1 ii. 445.9
4 07 2 i.2.10 ii. 2.86 i. 589.4 ii. 432.5
5 12 2 i.2.16 ii. 2.88 i. 572.5 ii. 430.0
6 17 1 i.2.27 - i. 556.7 -

The origin for the presence of three resonance peaks can be better understood by considering
the scattering and absorption cross-section as a function of wavelength in a more highlighted form,
e.g., when g = 0.4 nm (Figure 3).
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Figure 3. Scattering cross-section of the silver-coated silica nanoparticles as a function of wavelength
atg=0.4nm.

Figure 3 shows that the scattering cross section for the major dipole resonance mode is high
compared to the absorption cross section, while for the other two HEMDM peaks, both types of cross
sections are comparable The position of the major dipolar mode is 740 nm~3A, /2, while the other two
HEMDM peaks indicated by squares and triangles are located at 502 nm~A, and 438 nm~6A,/7, where
Ao =504 nm is the reference wavelength and corresponds to the resonance wavelength of a single
isolated SCS nanoparticle. These peak positions verify that all three peaks arise due to the co-existence
of different dipoles. These dipoles are completely independent from each other, but their generation
depends only on the inter-particle distance g. Also the small g value causes the surface charges to
reorient due to unbalanced Coulombic forces, resulting in a non-uniform charge distribution across the
particles surfaces. This charge distribution gradient leads to the generation of two additional dipolar
modes with high energy and resonance frequency.

The expected electric field distribution and its directivity at all three resonance wavelengths are
shown in Figure 4a—f. Significant enhancement was predicted in the local field inside or in close
proximity to the dimer.
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Figure 4. The left vertical panel (a,c,e) shows the current density and strength of various dipolar modes
at frequency f = 405 THz, 597 THz and 684 THz respectively, while the right vertical panel (b,d,f) is the
directivity of the corresponding dipolar modes.

In Figure 4a,c,e, the field vectors pronounce the density and direction of the current, which
correspond to the major bonding dipole and HEMDM, respectively, in the SCS dimer at their resonance
frequency /wavelength. There is a uniform electric field distribution inside and nearby the SCS dimer
during the major dipolar mode where resonance wavelength A = 740 nm. However, the local field in
the vicinity of the dimer is stronger than the field of the incident electromagnetic planewave. In the
case of HEMDM (A = 502 nm, 438 nm), the local field enhancement becomes more significant with a
slight phase change. This phase change is more apparent in the directivity plot of the nanoantenna.
Interesting directivity of the electric field was observed for all three resonance peaks, as shown in
Figure 4b,d f. It should be noted that the planewave is directed along the Z-axis. The inside and outside
fields during the major dipolar mode is uniform and is propagating along the positive and negative
X-axes equally. The scattered electric field during the HEMDM exhibits different behavior. In the
HEMDM, a unidirectional scattered field along the Y-axis was predicted. There is a small back lobe of
the scattered electric field for the HEMDM resonance at A = 438 nm (Figure 4f). This means that the
major dipolar and HEMDM corresponds to longitudinal and transverse dipolar modes, respectively.
In recent literature, these modes have been predicted to have a gap narrower than 1 nm and have
been attributed to morphology and quantum charge transfer (QCT) [20]. However, our work suggests
the existence of such longitudinal and transverse dipolar modes for spherical shell surfaces with a
gap <2 nm. Hence, it is suggested that QCT may affect the strength or intensity of these HEMDMs.
Moreover, in our case, such high energy dipolar modes occur at g values of 12 nm, which is high
compared to the previously reported value (g = 1-2 nm). The generation of these modes is explainable
using a classical Drude model modified by including the size of effects of plasmonic nanostructures.

The far-field characteristics of all three dipolar modes have been depicted independently in
Figure 5a—c. Figure 5 demonstrates that the major bonding dipolar mode is highly radiative compared
to the other two high frequency modes of the SCS dimer. Hence, it is suggested that most far-field
characteristics are due to the major dipolar mode. While the other two HEMDM resonances cause the
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local field properties inside or in close proximity to the dimer to become stronger, especially in the
nano-gap region. From Figure 5a—c, we can conclude that the major dipolar mode and the HEMDM are
suitable for utilizing the far-field and near-field properties of SCS dimer antennas. The next section will
provide more details about the various parameters or phenomena regarding local field enhancement.
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Figure 5. Far-field properties of the SCS dimer. (a) shows the Major bonding dipole at f = 405 THz
while (b,c) are HEMDM at f = 597 THz and 684 THz respectively.

4. Near Field Coupling and Ruler Equation

The variation in near-field coupling could be well labeled by a simple dipolar model. According to
such a model, the near-field strength strongly depends on the polarizability of the dimer and the decay
length constant. Both polarizability and decay constant has an inverse relation with particle volume
D? and inter-particle distance (1/g>), respectively [23]. This means that near-field coupling is highly
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sensitive to inter-particle distance normalized by the size of the particle (r/D) 3. Hence, the first-order
exponential decay Ruler equation has been used to fit the calculated near-field coupling data [17,24]:

AM bl
. 4)

The fit parameters 7 and free exponential factor A represent the decay length and near-field
coupled strength, respectively. Equation (4) correlates with the fractional plasmonic shift and
normalized inter-particle distance (g/D).

The peak position or the fractional plasmonic shift (AA/A,) of the major plasmonic mode was
monitored as a function of inter-particle distance ¢ normalized by particle size D, as depicted in
Figure 6a; AA and A, = 504 nm represent the peak shift and reference resonance wavelength of
a single SCS nanoparticle, respectively. In this figure, only the shift of the major boning dipole
peaks is addressed because the other HEMDM peaks are absent at larger g values. It is clear from
Figure 6a that exponential decay Equation (4), with decay constant T = 0.2864 £ 0.091 and amplitude
A =0.075 £ 0.05, describes the calculated data completely with a few exceptions. It should be noted
that expected exponential decay does not agree with calculated data when ¢g/D < 0.05 nm (g < 2 nm).
This deviation is due to the breeding of two other HEMDM peaks when nanoparticles are very close
to each other [5,16]. These modes have already been explained in the aforementioned sections of the
article. However, this section includes the deviation of near-field coupling from the exponential Ruler
equation due to an abrupt decrease in the fractional plasmonic shift (AA/A,) and in the intensity of the
major dipolar mode. As described earlier, two additional states are generated between the particles of
the SCS dimer antenna when ¢ < 2 nm. To understand this, Figure 2 and Table 1 should be consulted.
It is clear that two peaks, ii and iii, corresponding to the HEMDM, appear when g <12nmand g <2
nm, respectively. In this case, the energy of the incident planewave is divided over all three dipolar
modes. This causes the resultant energy of the major bonding dipolar mode to decrease, and as a
result the fractional plasmonic phase shift (AA/A,) becomes negative when the gap g is decreases
beyond 2 nm. Obviously, this will affect far-field strength (major dipolar mode), as shown in Figure 6b.
Figure 6b shows the maximum scattering cross section of the SCS dimer in dB as a function of the
linear inter-particle gap g. The maximum scattering cross section (Peak maxima) increases when the
g value decreases. However, a sudden fall in the scattering cross section when ¢ < 2 nm can be seen.
The QCT is not included here, because we believe that the QCT may only affect the strength of dipolar
modes present in the SCS dimer antenna, but not their origin of generation.
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Figure 6. (a) Fractional phase shift vs. normalized inter-particle gap. The green line shows the
calculated data when a red one presents the exponential decay Ruler equation fit; (b) Peak maxima as a
function of the linear inter-particle gap.

5. Conclusions

Numerical analysis via FEM techniques was performed to explain the field coupling of
two interacting plasmonic nanoparticles. A major bonding dipolar mode is observed at all given
inter-particle gaps within the SCS dimer. However, second and third high energy dipolar resonance
peaks were observed at g = 12 nm and g = 2 nm, respectively. These two additional dipolar modes have
a sufficiently high energy or resonance frequency compared to the major bonding dipole. It was found
that all dipolar modes have a classical origin and can be explained using a modified Dude model.
The modified Drude model incorporates size effects in term of collision frequency. The major dipolar
mode contributes greatly to far-field properties, and the HEMDM causes the near-field properties of the
dimer antenna to become stronger. It was found that the relation between the fractional phase changes
satisfies the exponential decay Ruler equation when ¢ > 2 nm. A breakdown of the Ruler equation
along with an abrupt decrease in phase shift and intensity of the major bonding dipolar modes can
thus be predicted when the inter-particle gap falls below 2 nm. We suggest that the generation of two
modes below a critical value of g has a classical and/or semi-classical origin.
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