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The interaction of light with metallic nanoparticle dimers has gained significant attention due to the enhanced local
electric fields generated within the nanogap region. In this study, a detailed theoretical investigation of plasmonic
homodimers and heterodimers composed of Al and Ag, covering the deep ultraviolet to visible spectral range, is
undertaken. Simulations are carried out using COMSOL Multiphysics version 5.6 to examine the effects of dimer
composition, gap width and particle size on far-field optical responses. The localized surface plasmon resonance
(LSPR) behavior with the systematic variation of dimer radii and interparticle spacing to explore their influence on
resonance characteristics is focused on in particular. The results reveal a redshift in LSPR peaks as particle size
increases, while a reduction in gap width induces a blueshift. Furthermore, the LSPR wavelength of the Al-Ag
heterodimer consistently falls between those of the respective homodimers. These findings demonstrate that the
plasmonic response of such dimers can be effectively tuned by adjusting geometric and material parameters,

offering potential for tailored nanophotonic applications.
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1. Introduction

The collective oscillatory movements of the conduction
band electrons on the metal-dielectric interface when
irradiated with light give rise to two pivotal phenomena,
surface plasmon resonance (SPR) and localized surface
plasmon resonance (LSPR) [1],[2]. Both phenomena
arise from the -electromagnetic excitation of free
electrons in the conduction band of the metal surface.
Surface plasmons (SPs) are coherent delocalized electron
oscillations that occur at the metal/dielectric interface. In
contrast, localized surface plasmons (LSPs) are formed
when surface plasmons become confined within
nanoparticles whose size is comparable to or smaller than
the wavelength of the incident light used to excite the
plasmons.

Plasmon  resonance  occurs  when  the
electromagnetic field of the incident light aligns with the
energy of the oscillating electrons on the surface of the
nanometallic particles/nanometallic surface, fulfilling the
resonance condition. An in-depth knowledge of these
systems will greatly benefit the development of various
applications, including Surface-Enhanced Raman
Spectroscopy (SERS) [3],[4], biological sensing [5],
solar cell design [6], photocatalysis [7],[8], pesticide
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dimers, plasmons, nanoparticles, simulation, localized surface plasmon resonance

detection [9],[10], toxin monitoring [11],[12] as well as
gas and vapor sensing [13],[14].

Noble metallic nanoparticles (NPs) are the widely
utilized plasmonic nanomaterials that, upon interaction
with incident light, unlock diverse applications known
for their reliable performance [15]. Moreover, when two
metallic nanoparticles are placed in close proximity to
each other (forming a dimer), plasmons in their
individual nanostructures couple, leading to plasmon
hybridization. The examination of metallic dimers,
consisting of two closely spaced metallic nanoparticles,
is of great importance in the field of nanoplasmonics
[16]. These systems showcase distinctive optical
properties because of the robust electromagnetic
interplay between the individual nanoparticles.
Understanding metallic dimers is vital to implement their
potential applications in surface-enhanced spectroscopy,
nano-optics and photonic devices. Plasmon hybridization
can be used to understand the multifeatured plasmonic
response of complex structures [17]. Plasmonic metallic
dimers are interesting candidates for a variety of optical
and sensing applications as they exhibit a significant
degree of plasmonic interaction between two closely
spaced nanoparticles [18].

Extensive research has sought to comprehend the
mechanisms that govern electromagnetic interactions
within metallic dimer systems. The interaction between
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light and metal in addition to further effects which arise
because of this interaction is always an interesting topic
for scientists. Although the plasmonic properties of noble
metals such as silver (Ag) and gold (Au) have been well
studied, aluminum (Al) remains the least explored and
can be regarded as a viable alternative due to its
affordability, abundance and strong plasmonic response
in the ultraviolet (UV) spectrum. However, a thorough
investigation into the field intensity distribution and hot
spot formation in Al nanostructures within the visible
region has yet to be comprehensively conducted. In this
study, a theoretical investigation of aluminum and silver
homodimers is performed followed by an analysis of
Al-Ag heterodimers to explore how their plasmonic
properties can be tuned. By simulating their response
under different conditions, our aim is to understand the
impact of material composition on plasmonic resonance
behavior. This comparative analysis provides insights
into the potential of hybrid plasmonic systems for
applications in UV-Vis plasmonics such as sensing and
photonic devices. Plasmonic coupling resonances of
Ag and Al homodimers as well as Ag-Al heterodimers
are evaluated using the simulation software COMSOL
Multiphysics version 5.6. The study focuses on how
dimer size and the interparticle gap influence the
plasmonic resonance wavelength.

2. Computational Methods

Numerical simulations of homo- and heterodimers were
carried out using COMSOL Multiphysics version 5.6
which is a powerful simulation software that enables
Multiphysics modelling and analysis of complex
engineering and scientific problems through finite
element methods in a user-friendly, integrated
environment [19]. The simulation was conducted by
solving the frequency domain form of Maxwell’s
equations. An s-polarized wave represented by the
following wave equation was used:

exp(—j.ewfd.ko.z) (D,

where &y denotes the propagation constant. Aluminum
and silver were selected as representative materials for
this study as these metals are promising candidates for
supporting plasmons. The material data were selected
from the COMSOL database [Al: Raki¢ 1995:
0.00012399-200 pm and Ag: Werner et al. 2009: n, k
0.01759-2.480 um]. Spherical nanospheres of identical
radius were designed and electromagnetic radiation with
an electric field polarized perpendicular to the dimer’s
axis (s-polarized wave) applied. Air was designated as
the surrounding medium for the dimer system and a
perfectly matched layer (PML) was implemented to
mitigate the backscattering effect. Triangular meshing
elements were employed to discretize the external PML
surface and the remaining surfaces were discretized using
tetrahedral meshing elements, thereby enhancing the
degree of accuracy. The far-field extinction cross
sections were determined through integrating the time-
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Figure 1: Far field spectra of the Al dimer with a gap
size of 2 nm and a radius of 30 nm

averaged Poynting vector (Se.s) over a surface
encompassing the dimer as given in the equation below:

Oext = JJ =Sexe B/ 2),

1
—ce,E}

The expression %o = represents the power flow
per unit area of the incident light. £y=1 V/m denotes the
amplitude of the incident electric field, ¢y represents the
vacuum permittivity and ¢ is the velocity of light.
Simulations involved changing the dimer radius while
keeping the gap size constant and vice versa. A minimum
sub-NP separation of 2 nm was set in this model to avoid
quantum tunnelling and non-local effects [20],[21].

3. Results and analysis

The extinction, absorption and scattering cross-sections
of the dimer for an s-polarized light wave were analyzed
to understand the plasmonic coupling effect. The
extinction cross-section of a plasmonic dimer is the sum
of its scattering and absorption cross-sections,
representing the far-field plasmonic resonance. The
scattering, absorption and extinction cross-sections of Al
with a radius of 30 nm and a 2 nm gap are depicted in
Figure 1. The resonance peak of the extinction cross-
section was observed at 310 nm within the UV region as
already reported in the literature [22]. Furthermore,
according to the figure, scattering was more prominent
while absorption was minimal.

Furthermore, simulations were conducted by
keeping the gap size of the dimer fixed at 2 nm and
changing the radius from 30 to 60 nm as presented in
Figure 2. A redshift of the resonance peak (extinction
spectra) was observed upon increasing the radius of the
dimer. For a gap of 2 nm and a radius of 30 nm, the
resonance wavelength was observed to be 310 nm but
shifted to 560 nm as the radius increased to 60 nm. In all
Al homodimers, the spectrum was dominated by a
pronounced peak of the bonding dipole plasmon mode
(BDP). Starting from a radius of 40 nm, the emergence
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Figure 2: The dependence of the far-field resonance
peak on the radius of the Al dimer with a fixed gap size
of 2 nm. The far-field extinction spectra exhibit a strong
redshift as the radius increases

of a second peak at shorter wavelengths was observed.
As the dimer size increased, this peak became more
pronounced due to the quadrupole plasmon mode (QDP).
It was also observed that the intensity of both the BDP
and QDP modes increased as the radii increased. BDP,
the fundamental mode in a dimer, exhibits a higher
extinction cross-section at longer wavelengths compared
to other higher order modes that occur at shorter
wavelengths. The results show that the plasmonic
response of the metallic nanodimer is highly sensitive to
its radius. A comparison of the extinction cross-section
of various Al homodimers is represented in Figure 2. In
this study, the extinction cross-sections were compared
as they quantify the proportion of incident light that is
either scattered or absorbed by the nanodimers. The local
electric field distribution near the BDP mode at the
resonance peak for Al dimers is illustrated in Figure 3.

The extinction spectra of the Al homodimer with a
fixed radius of 60 nm and a gap increased from 2 to 8 nm
is shown in Figure 4. Similar to earlier results, prominent
peaks in the BDP mode at longer wavelengths and in the
QDP mode at shorter wavelengths were observed. As the
gap size was increased, the intensity of the BDP mode
decreased, while the QDP mode intensity increased. Both
modes were blue shifted as the gap size of the homodimer
was increased. It was observed that the corresponding
shift in the quadrupole mode was less when compared to
the shift in the BDP mode, clearly demonstrating the
dependence of the dimer radius and gap size on the
plasmonic response of the dimer system to the s-
polarized electromagnetic wave.

Similarly, Ag nanodimers were analyzed, yielding
far-field extinction spectra for various radii and gap sizes
(Figure 5a). A redshift was observed when increasing the
size of the dimer, similar to the behavior seen in Al
dimers at the resonance peaks in the prominent BDP
mode. In contrast to the Al homodimers, several higher
multipole peaks were detected at shorter wavelengths,
however, these higher modes were less pronounced. For
the dimer with a radius of 30 nm, only a single higher-
order mode was observed in the BDP mode. As the radius

Figure 3: The hot spot formation in the gap of the Al
dimer with a radius of 60 nm at a resonance wavelength
of 560 nm
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Figure 4: Dependence of the resonance peak on the gap
size, that is, 2, 4, 6 and 8 nm, of the Al dimer with a
fixed radius of 60 nm

increased, more higher modes became apparent, with
three higher modes identified for the dimer with a radius
of 60 nm. The formation of a hot spot in the gap of a silver
(Ag) dimer with a radius of 60 nm at the resonance
wavelength is shown in Figure 5b.

The far-field spectra regarding different gap sizes
for Ag dimers were also computed and presented in
Figure 6. When the gap size of the dimer was reduced, a
blueshift was observed at the resonance peaks in the
prominent BDP mode. Unlike the behavior seen with Al
homodimers, no shift was detected in the other higher
modes, which tended to overlap. To analyze the impact
of material properties on the resonance wavelength, the
optical plasmonic properties of the Al-Ag heterodimer
were also simulated. The far-field optical spectra of the
Al-Ag heterodimer are presented in Figure 7a. Following
the approach of earlier studies, the gap was fixed at 2 nm
and the effect of the radius evaluated by increasing it
from 30 to 60 nm. At 30 nm, the dominant peak identified
as the BDP mode exhibited a significant redshift as the
radius increased. A higher-order mode was also observed
for the dimer with a radius of 30 nm at shorter
wavelengths in the near-UV region, however, became
less pronounced as the radius increased. As the particle
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Figure 5: (a) The dependence of the resonance peak on
the radius of the Ag dimer with a fixed gap size of 2 nm.
The intensity of the redshift increases as the radius
increases; (b) Hot spot formation in the gap of the Ag
dimer with a radius of 60 nm

size grew, the dipole resonance became more dominant
due to the larger scattering cross-section. The far-field
optical spectra of the Al-Ag heterodimer with a fixed
radius of 60 nm is illustrated in Figure 7b. The impact of
the gap was assessed by increasing it from 2 to 6 nm,
revealing a blueshift at the resonance peaks in the
extinction spectra of the prominent BDP mode while
only a slight blueshift in the higher order mode was
observed.

The relationship between the radii and gap sizes of
nanoparticles with their resonance wavelengths for three
different dimers, namely the Al-Ag heterodimer as well
as Al and Ag homodimers, is illustrated in Figure 8. It
was observed that as the radius of the nanoparticles
increased, the resonance wavelength (corresponding to
the BDP mode) also increased. The resonance
wavelength of the heterodimer was found to lie between
those of the Al and Ag dimers, as shown in Figure §.
Consequently, the BDP mode of the heterodimer closely
resembled an overlap between the BDP modes of Al and
Ag. Furthermore, the BDP modes of the heterodimer tend
to align more closely with silver, suggesting that the
properties of the heterodimer may more closely resemble
a silver homodimer.

Among the three materials considered, the Ag
nanoparticle dimer exhibited the longest resonance
wavelength followed by the Al-Ag dimer with the Al
dimer yielding the shortest. This suggests that Ag
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Figure 6: The dependence of the resonance peak on the
gap of the Ag dimer with a fixed radius of 60 nm
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Figure 7: (a) The dependence of the resonance peak on
the size of the Al-Ag dimer with a fixed gap of 2 nm. A
strong redshift was observed when the radius increased;
(b) The dependence of the resonance peak on the gap of
the heterodimer with a fixed radius of 60 nm

nanoparticles possess the longest resonance wavelength
while Al provides the shortest across the examined
wavelength range for any given gap size. The strong
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plasmonic response of Ag resulted in higher resonance
wavelengths, while the combination of aluminum and
silver modifies the plasmonic properties, leading to
intermediate resonance wavelengths. Al exhibited the
shortest resonance wavelengths due to its distinct
properties compared to those of silver.

4. Conclusions

A more profound understanding of light-matter
interactions has paved the way for "plasmonics" to
develop into a rapidly advancing field with a wide range
of innovative applications. Plasmonic coupling in Al and
Ag homodimers as well as in the Al-Ag heterodimer was
analyzed using COMSOL Multiphysics version 5.6
simulation software with the incident light polarized
along the dimer axis using various radii and gap sizes. A
redshift as the radii increased and blueshift as the gap size
increased was observed in all configurations of dimer.
Regarding Ag and Al-Ag dimers, a larger particle size
potentially diminished the quadrupole peak while the
opposite effect occurred in the Al homodimer. For nearly
all configurations of dimers, multipole peaks were
observed in the QDP and BDP modes towards the lower
and longer wavelengths, respectively. In aluminum
homodimers, as the particle size increased, a prominent
peak appeared in the near-UV range, suggesting the
presence of strong quadrupole modes. In the case of the
heterodimer, multipole peaks appeared only at radii of
30 and 40 nm but disappeared at larger radii accompanied
by a broadening in the BDP mode.

Concerning the relationship of the radii and gap size
of nanoparticles with their resonance wavelengths with
regard to three different dimers, it was found that the
resonance wavelength of the heterodimer fell between Al
and Ag in both cases. The strong plasmonic response of
Ag results in longer resonance wavelengths, while the
combination of aluminum and silver modifies the
plasmonic properties, leading to intermediate resonance
wavelengths. Al exhibits shorter plasmonic resonance
wavelengths due to its distinct properties compared to
those of silver. This study shows how the interaction
between light and nanoparticles can be controlled or
modified based on their arrangement. This means that by
modifying the configuration of nanoparticles (dimers),
optical properties such as scattering, absorption, or
resonance behavior can be fine-tuned. Theoretical studies
show that Al stands out as one of the rare metals capable
of achieving plasmonic resonance across a wide spectral
range from near-ultraviolet to visible simply by adjusting
the particle size and interparticle distance. This is
significant in nanophotonics, perhaps leading to more
precise control over light-matter interactions for
applications in sensing, imaging and the development of
other optical devices.
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