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Abstract: The interaction between phonons and localized plasmons in coupled nanoparticles
can be exploited both for modulating the scattered electromagnetic field and the understanding of
the mechanical vibrations at nanoscale. In this paper, we demonstrate by numerical analysis an
enhanced optomechanical interaction in a film-coupled gold dimer nanoparticles mediated by
surface acoustic waves. Two gold nanoridges are placed atop a multilayer structure consisting
of a thin dielectric spacer covering a gold film layer on a silicon dioxide substrate. Numerical
simulations of the optical properties reveal the existence of three surface localized plasmons in
the infrared range with enhanced scattering and narrower linewidths than with a single nanoridge.
The physical origin of such modes as well as their tunability as function of key geometrical
parameters are successfully captured with a simple model based on effective Metal-Insulator-
Metal (MIM)-like plasmonic cavity. We calculate the optomechanic coupling rates between the
GHz localized mechanical modes and plasmonic modes of the dimer, finding that the strongest
coupling is observed for the in-phase compressional mode followed by the out-of-phase flexural
mode. Both such modes can be excited by launching a surface acoustic wave (Sezawa wave)
at the inlet in front of the dimer structure. It is also found that the flexural mode which is
inactive optomechanically in case of a monomer becomes active due to dimer coupling, with a
significant phonon-plasmon coupling rate. The findings in this work may facilitate design of new
optomechanical components monitored with fast coherent acoustics, leading to new generation
of light acousto-optic modulators where strong optomechanical interactions are required.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Nano/micro-opto mechanical devices have gained a substantial interest lately due to their capacity
of controlling the flow of light in nanoscale photonic structures [1,2] and to the potential practical
applications they offer in terms of ultra-sensitive mass [3] or charge measurements [4,5]. Such
components are also shown to provide utility in fundamental physics as in quantum information
processing and control and/or enhancement of light-mater interaction [6–8]. The light sound
coupling can be described by two physical mechanisms which are both based on a local variation
of the dielectric constant namely, a volume photoelastic effect [9,10] consisting in the local
modulation of the dielectric constant of the material by the phonon induced strain field, and a
surface effect resulting from the deformations of the interfaces/boundaries that separate two
adjacent media, referred to as moving-boundary effect [11,12]. A special class of optomechanical
structures which enable to achieve strong light-sound interactions is based on cavities created in
the so-called phoxonic crystals [13]. The strong optomechanical coupling (OMC) is mainly due
to the photons and phonons band gaps exhibited by such crystal cavities, resulting in simultaneous
highly localized light and sound which in turn gives rise to enhanced OMC. Intense efforts have
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been put lately to investigate strong OMC in these systems as in triangularly shaped phoxonic
cavities [14], nanobeams [15–18] and in phoxonic-plasmonic cavities based on metal strips [19].

On the other hand, localized surface plasmon (LSP) supported by small metallic nanoparticles
has been exploited due to the extreme field enhancement they manifest to study nanoscale
mechanical oscillations of such systems, generally through the use of Brillouin/Raman light
spectroscopy. In these set-ups, the LSP interacts with the localized phonons in the nanoparticles,
giving rise to enhanced inelastic light scattering which reveals the particles mechanical eigenmodes
such as in [20–22], where single gold dimers or ensemble silver dimers in polymer matrices
acoustic modes have been fully characterized. Another experimental means harnessing acousto-
plasmonic coupling to study nanoscale mechanical vibrations is the ultrafast pump-probe
technique where the plasmonic absorption/transmission is temporally monitored, uncovering as a
result the nanostructures eigenmodes [23–25]. Besides, a specific surface plasmon type mode
has attracted much of interest recently due to its exquisite properties particularly in terms of
enhanced localized large fields: such strongly confined plasmon arises out of coupling between
nanoparticles and their image on a metallic film lying underneath a dielectric nanogap [26–28].
This system is often referred to as metal film-coupled nanoparticles (FCN), and is shown to
enable promising applications as plasmon-mediated optical sensing [29], but also the possibility
of exploring fundamental quantum physical phenomena [30,31].

In the context of OMC, LSP modes are shown to significantly enhance light-sound interaction
[32–34], but due to the ultra-confined plasmonic modes with even larger fields concentrations
exhibited by FCN-based structures, stronger OMC can be achieved with a view to better study
nanoscale mechanical vibrations [35]. FCN-systems with dimers/trimers atop the metal film
instead of monomers are expected to show more interesting features in terms of narrower
plasmons linewidth, enhanced associated scattered intensity [28] and new applications [36,37].
It follows that stronger OMC may be attained exploring dimers (or trimers) based FCN systems
with a view to applications opportunities as for analysing nanoscale vibrations due to the much
stronger fields. Lately, OMC in a FCN design with a gold monomer sitting on top of a gold
film has been investigated numerically [38]. Moreover, employment of surface acoustic waves
(SAW)-based platforms aiming at monitoring such strong/enhanced OMC is quite desirable due
to the nowadays available experimental techniques for the fabrication of such devices. As a
matter of fact, high frequency (∼GHz range) SAW with sufficiently high amplitude can be readily
generated using IDTs (InterDigital Transducers) [39,40] or pulsed laser beams [41]. Recently,
enhanced Anti-Stokes scattering within an optomechanical cavity realized on a SAW-based
structure has been shown [42], while coherent coupling between high frequency localized
phonons and infrared (∼ 1.55 µm) photons has been demonstrated using GHz range SAW [43].
Lin et al. have achieved strong OMC in hybrid photonic-plasmonic crystal nanocavities using
SAW as a mean of modulating confined photonic-plasmon mode [44]. Also, Korovin et al.
showed efficient conversion between IDTs-induced SAW and guided Lamb modes of a nanobeam
which transports energy to the optomechanical cavity where OMC can take place [45], whilst
strong OMC has been showcased through the use of SAW in a FCN-based geometry with a gold
nanocylinder monomer atop a polymer spacer and gold metallic film [46]. However, reports
showing enhanced OMC using dimers-based (instead of monomers) FCN structures, much less
with the employment of high frequency SAW-platforms intended at controlling such stronger
OMC are actually still lacking. This is despite the potential applications that may arise out of
enhanced OMC including in the domain of fundamental physics [44] or for studying nano-objects
vibrations [47] or so-called plasmonic-like molecules mechanical modes [48]. In addition, the
utilization of SAWs with high amplitudes (∼ nm) enables to significantly enhance the vibration
amplitudes of the localized phonons in the dimer nanoparticles, hence increasing the plasmon
modulation [44,46]. Such enhanced interactions could lead to much improved Raman/Brillouin
scattered signals when studying (dimer) metallic nanoparticles acoustic modes for instance. Also,
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optical excitation of the dimer localized plasmons can be harnessed in detecting SAW with
amplitudes as small as a few pm [24] using ultrafast pump-probe technique, making it possible to
conceive nanoscale mechanical ultrasensitive high frequency sensors as shown in [49].

In this work, we propose high frequency SAW to investigate enhanced OMC in a dimer-
based FCN geometry design. Thorough numerical simulations are performed in order to study
optical and mechanical properties of gold ridges dimer sitting atop a polymer spacer under
which a thick gold metal film lies over an SiO2 substrate. The dimer coupling gives rise to
metal-dielectric-metal-like localized surface plasmons (MIM-LSP) which are confined within
the spacer underneath the ridge acting as an effective MIM-cavity, or both underneath and in
between such ridges. These MIM-LSP modes are set to lie mostly within the infrared frequency
range, and show quite narrower linewidths and stronger scattering intensities comparing with
a monomer ridge atop the FCN which is similar to the finding in [28]. Their behaviour with
respect to key geometrical parameters is fully captured with a simple effective MIM-cavity
model. Mechanical coupling of the dimer leads to the split of their eigen-mechanical modes,
resulting in interesting modes which can potentially couple with the plasmons. This interaction
is quantitatively evaluated through the computation of optomechanical coefficients, gOM. Then,
we analyze surface acoustic waves interaction with the MIM-LSP modes of interest situated at ∼
1638 nm (infrared) and at ∼ 926 nm (near infrared). The excitation of the dimer localized phonons
via propagative SAW leads to the strong modulation of the MIM-LSP modes. It is found that
dimer ridges in-phase compression mechanical mode yields the strongest OMC rate, followed by
the out-of-phase flexural mode. The latter mode optomechanically inactive in case of a monomer
is shown to become active due to dimer coupling. The findings in this contribution could facilitate
the realization of SAW-based devices aimed at the design of ultrasensitive photoacoustic sensors
[50], acousto-optic modulators [51] or plasmon-enhanced Raman scattering components [52–54].

2. Dimer optical properties

A sketch of the proposed dimer-FCN geometry design is showed in Fig. 1(a); it is made out
of gold metal film lying underneath a polymer dielectric acting as a spacer over which a gold
ridge dimer is sitting. The metal film is deposited on a SiO2 semi-infinite substrate. Due to
symmetry invariance of the structure along y−axis, we perform all investigations in 2D inside
a cross section of the design. The modeled cross section is depicted in Fig. 1(b), where we
have surrounded the simulation domain with perfect matched layers (PMLs) in order to prevent
undesired reflections. The key geometrical parameters (Fig. 1(b)) are the ridges width DAu, height
hAu, inter-dimer separation distance ddmr and the polymer film thickness epol. Throughout the
paper, we chose the gold metal film thickness to be set as 100 nm. The optical skin depth of gold
in the optical/infrared range is in the order of ∼ 25 nm which makes it possible not to include SiO2
substrate in the optical scattering simulations as the field would be fully absorbed/reflected before
reaching the latter. Materials refractive indices are np ≈ 1.5 for the polymer and nsio2 = 1.46 for
SiO2, while for the gold material a Lorentz-Drude model is adopted [55,56]. In order to find
all the possible modes of the dimer in the frequency range of interest, [600 nm − 2000 nm], we
launch the excitation light-wave at oblique incidence (Fig. 1(a)). It is worth mentioning that
numerical simulations are carried out here in the frequency domain using Finite Element Method
with Comsol Multiphysics Package.

In Fig. 1(c), we show simulations results in terms of scattering spectrum versus wavelength
and incidence angle θ for DAu = 320 nm, hAu = 300 nm, epol = 50 nm and ddmr = 50 nm. At an
angle of incidence θ ≻

∼ 51◦, three main modes are observed where scattering (per unit length)
increases at roughly λ1 ≈ 1638 nm (mode p1), λ2 ≈ 926 nm (mode p2) and λ3 ≈ 628 nm (mode
p3). Actually, these modes correspond to scattering bands rather than sharp peaks due to losses
in the metal (increasing FWHM). One notes also a strong excited scattering band towards normal
incidence at ∼ 1450 nm, but with a quite bigger FWHM comparing with the modes p1, p2 and
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Fig. 1. (a) Schematic diagram of the proposed dimer-based FCN design. Incoming light-wave at oblique incidence is 2 
also illustrated. (b) Cross-section of the system depicted in (a) in a 𝑜𝑧𝑥-cut plane; all key geometrical parameters of 3 
the structure are indicated. Perfect matched layers surrounding the structure are employed to avoid unwanted 4 
reflections. (c) Simulated extinction spectrum of the geometry sketched in Fig. 1(b) versus wavelength and incoming 5 
light incidence angle. (d)-(f) Scattered field map norm within and around the dimer, at 𝜆1 ≈ 1638 𝑛𝑚, 𝜆2 ≈ 926 𝑛𝑚 6 
and 𝜆3 ≈ 628 𝑛𝑚 for an incidence angle of 𝜃 ≈ 51°; the modes positions are referred to as p1, p2 and p3 in (c). (g) 7 
Extinction spectrum for the gold dimer as a function of wavelength for 𝜃 ≈ 51° (red line), compared to the case of a 8 
gold ridge monomer sitting on the structure sketched in (b) (black line).  9 
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Fig. 1. (a) Schematic diagram of the proposed dimer-based FCN design. Incoming
light-wave at oblique incidence is also illustrated. (b) Cross-section of the system depicted in
(a) in a ozx-cut plane; all key geometrical parameters of the structure are indicated. Perfect
matched layers surrounding the structure are employed to avoid unwanted reflections. (c)
Simulated extinction spectrum of the geometry sketched in Fig. 1(b) versus wavelength and
incoming light incidence angle. (d)-(f) Scattered field map norm within and around the
dimer, at λ1 ≈ 1638 nm, λ2 ≈ 926 nm and λ3 ≈ 628 nm for an incidence angle of θ ≈ 51◦;
the modes positions are referred to as p1, p2 and p3 in (c). (g) Extinction spectrum for the
gold dimer as a function of wavelength for θ ≈ 51◦ (red line), compared to the case of a gold
ridge monomer sitting on the structure sketched in (b) (black line).
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p3 for θ ≻
∼ 51◦. We shall focus mainly on these latter well-defined modes (at θ ∼ 51◦), which

are potentially useful for the purpose of optomechanical interactions. We observe that mode p1
is effectively excited for θ ∈ [∼ 25◦− ∼ 75◦] while modes p2 and p3 are excited in the range of
θ ∈ [∼ 25◦− ∼ 65◦] and θ ∈ [∼ 45◦− ∼ 69◦], respectively. To better interpret such modes, we
performed an eigen-frequency quasi normal mode [57] (optical modes with complex frequencies
due to absorption in metal) study, where we searched for modes around λ1, λ2 and λ3. The found
eigenmodes are overlaid with the scattering spectrum with a black line for the mode p1, a red line
for the mode p2 and a white line for the mode p3. A good match is noted taking into account the
large FWHM of the modes hindering the determination of their exact positions in the frequency
domain. Scattered Es-field norm map near and around the dimer is shown in Fig. 1(d, e, f) at
λ1 ≈ 1638 nm λ2 ≈ 926 nm and λ3 ≈ 628 nm, respectively, for an incidence angle θ = 51◦. It
can be seen that mode p1 is a MIM-type localized surface plasmon strongly confined in the
space underneath the ridges acting as an effective MIM-cavity [38]; mode p2 is a higher order
MIM-LSP beneath the dimer but with an important MIM-like component confined vertically
between the ridges. Mode p3 on the other hand is a higher order MIM-LSP mode under the dimer
with higher order vertically confined MIM-like component between ridges. Moreover, modes p2
and particularly mode p3 have antenna-like components associated with multipolar localizations
at the edges. Overall, the three modes arise out of coupling of the two ridges, leading to new type
of localizations. It should be noted that a weak part of the field of such modes can be scattered
into propagative surface plasmon polaritons (SPPs) modes of the multilayer structure while the
most part stay localized under and/or in-between the ridges as can be seen from the maps in
Fig. 1(d, e, f).

On the other hand, based on the absorption cross section of the dimer versus λ0 and θ in
Supplement 1 (Figs. S1(a)), modes p1, p2 and p3 are non-dispersive as their wavelengths do not
change with θ, but their excitation efficiency depend on the latter. We attribute this to the fact
that mode p1 is symmetric with respect to median plane ozy of the dimer according to its surface
charge density (see Fig. S1(b)) and cannot then be excited at θ = 0◦ by the antisymmetric incident
light. Modes p2 and p3 are antisymmetric (Figs. S1(c)-S1(d)), meaning they can be excited
at θ ≈ 0◦, but their MIM-component confined under the ridges require probably an important
Ez (their main transverse component) i.e., a bigger θ to be excited; when this is realized modes
p2 and p3 can be excited. The spectrum shows other modes named as p12, p22 and p32 (see
Figs. S1(a)), that result along with p1, p2 and p3 from hybridization of the single ridges modes.
Nonetheless, such modes are not very well excited/defined or have a much bigger FWHM, and
thus are not useful for our optomechanical coupling purposes.

It is worth mentioning that the equivalent modes to modes p1, p2 and p3 corresponding to the
case of a monomer fall at slightly different frequency positions comparing with the dimer (due to
dimer coupling), but more importantly they exhibit quite different FWHM values and extinction
intensities as compared to the dimer. Indeed, it can be seen in Fig. 1(g) where we compare the
scattering at θ ≈ 51◦ for the dimer and θ ≈ 55◦ for the monomer that the dimer coupling results
in narrower peaks (smaller FWHM magnitudes) especially around modes p1 and p2 with much
enhanced scattering. These results show the interest of dimers over monomers in terms of higher
amplitudes of the localized fields due to the more strongly excited modes, with a perspective of
enhanced OMC. Such finding about improved FWHM values and higher scattering intensities
with dimers is similar to what have been reported elsewhere [28]. To get a deeper insight about
the origin and behavior of the observed modes, we study in Fig. 2 the dimer scattering evolution
versus wavelength and geometrical parameters. We first analyze the effect of the ridges width
DAu, where the remaining parameters are kept constant and equal to the values chosen earlier
(Fig. 1).

Throughout this paper, we focus on scattering spectrum alone, given that this quantity is nearly
an order of magnitude higher than absorption. In Fig. 2(a) is shown the scattering cross section

https://doi.org/10.6084/m9.figshare.17105648
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Fig. 2. (a) Scattering cross section per unit length of the geometry design in Fig. 1(b) versus
wavelength and ridges width DAu. (b) Plot of the resonance wavelengths of modes p1, p2
and p3 as a function of the MIM-like effective cavity formed under the dimer (Fig. 1(b))
with the nominal length Lnom = (2DAu + ddmr). In the plot, FEM-based numerical results
are fitted with MIM cavity-based model. (c), (d) Same as in (a) but versus wavelength and
polymer thickness epol or dimer inter-distance ddmr.

of the dimer per unit length versus DAu, and as a guide for the eye, we have overlaid the plot of
resonance wavelengths (corresponding to scattering maxima positions) associated with modes
p1 (solid black line), p2 (black dashed-dotted line) and p3 (solid blue line). The resonance
wavelength λ1 of mode p1 linearly increases with DAu, whilst the linear trend is obtained only at
smaller widths for mode p2 and at larger widths for mode p3. The reason, as detailed below,
is the fact that mode p1 is highly localized in the polymer below the ridges while modes p2
and p3 can display a significant localization in the vertical area between the two ridges (vertical
MIM-components). The noted behavior of the modes can be captured using a MIM-like effective
cavity-based model [58], corresponding roughly to the space under the dimer where the modes
are localized. Such cavity has then a nominal length Lnom ∼ 2DAu + ddmr and a thickness of epol.
Following this approach, resonance wavelengths corresponding to plasmonic standing waves that
form due to reflections-off the dimer edges are obtained by:

λr0 =
2neff Lnom

m
(1)

where, neff = kspp/k0 is the effective refractive index of the propagating MIM-like plasmon (kspp
being its wave vector) and m = 1, 2 . . . is an integer. This equation arises from a resonance
condition due to a round-trip in the cavity by the plasmon, that is, 2ksppLnom + 2φref = πm, where
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φref is the phase-shift due to reflection-off dimer edges. The account for φref is realized through
the approximation φref ≈ ksppδL [58] so that the actual cavity length becomes, Leff ≈ Lnom + δL,
where δL is an additional apparent length translating modes extension further the edges; its value
is adjusted in order to obtain a good fit to the numerical data and depends on each mode (see
below). The following values for the apparent additional cavity length, i.e. δL ∼ 195 nm for
mode p1, δL ∼ 211 nm for mode p2 and δL ∼ 45 nm for mode p3, were necessary to reach the
observed fit. Note that these values mean that the plasmonic modes extend further the edges by
half of such values on each (edge) side.

Let us point out that in the cavity-MIM model the resonance wavelength changes linearly with
Leff , meaning only linear trends of the plasmonic modes p1, p2 and p3 with the cavity length can
be captured with the model. Such linear trends correspond to strongly confined MIM-components
of the modes under the dimer, dominating or being comparable in terms of field intensity with
the vertical components in between the ridges, whilst for the non-linear parts of the trends, the
vertical MIM-components dominate as will be shown in the following. Based on the Es field
localization shown in Figs. 1(d)–1(f), we deduce that for mode p1, m ≈ 2 while m ≈ 4 and m ≈ 5
for modes p2 and p3, respectively. Comparison of the numerical and MIM-cavity based fit plots
are summarised in Fig. 2(b). One notes the quasi-perfect accord seen for mode p1, whereas for
mode p2 a good fit is obtained at smaller widths and for mode p3 the good agreement is seen
at larger DAu values. This matches the noted linear trends of the modes in Fig. 2(a). As just
mentioned, this also reflects that for mode p2 the horizontal MIM-component is dominant (or
comparable to the vertical-component) for small widths of the cavity, while for mode p3 such
component is dominant for larger DAu values. Indeed, in Supplement 1 (Figs. S2(a)), we show
that mode p2 field localization for Lnom = 510 nm is the same, both under and between the ridges.
This observed field localization property remains valid as long as Lnom <

∼ 710 nm, where the
resonance wavelength of mode p2 changes linearly with Lnom and fits well the numerical data.
Similarly, mode p3 field localization rate shown in Supplement 1 (Fig. S2(b)) for Lnom = 910 nm
indicates about two times more intense field under the dimer comparing with vertical component,
meaning the former dominates the latter and hence the linear trend. Such behavior is valid as
long as Lnom >

∼ 810 nm. Effects of epol and ddmr are shown in Figs. 2(c)–2(d) where scattering
is plotted against wavelength and these parameters, respectively. We overlay modes 1, 2 and 3
resonance wavelengths changes versus the parameters with the scattering map to better show
their behaviors. Based on the fact that a guided MIM-type plasmon effective refractive index
neff varies as ∝1/d, where d is the MIM-guide width [59], one can explain mode p1 evolution
versus epol (Fig. 2(c)). The latter is a MIM-like LSP confined in the polymer with thickness
epol, of resonance wavelength λ1 ∝ neff leading roughly to λ1 ∝ 1/epol. For mode p2, for small
epol (⪯50 nm), the mode is strongly confined in the polymer, based on Es-field map shown in
Supplement 1, Figs. S2(c)-S2(d). Thus, this mode component, i.e. under the ridges, is sensitive
to epol, and we approximately get a decrease of λ2 such as λ2 ∝ 1/epol while for larger epol the
vertical component becomes more dominant (see Supplement 1, Fig. S2(d)) and sensitivity
versus epol is lost. For the same reason, mode p3 is also sensitive to smaller epol values and nearly
not as the latter increases.

As concerns ddmr effect (Fig. 2(d)), the mode p1 of wavelength λ1 shifts linearly with ddmr
which simply relates that increasing ddmr results in increasing Leff ∼ (2DAu + ddmr + δL), leading
to nearly λ1 ∝ Leff . For mode p2, highly confined between the ridges, λ2 behaves as λ2 ∝ 1/ddmr.
Mode p3, on the other side, is weakly sensitive to ddmr, except for very smaller values of this
parameter (∼⪯55 nm) where the vertical component is dominant over the one under the dimer
(as can be seen in Supplement 1, Fig. S2(e)); then we get a behavior near to λ3 ∝ 1/ddmr.

https://doi.org/10.6084/m9.figshare.17105648
https://doi.org/10.6084/m9.figshare.17105648
https://doi.org/10.6084/m9.figshare.17105648
https://doi.org/10.6084/m9.figshare.17105648
https://doi.org/10.6084/m9.figshare.17105648
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3. Dimer mechanical eigenmodes and OMC coefficients

In this section, we study numerically using finite element method the dimer-FCN mechanical
eigenmodes. First, we consider a periodic ridge structure and use Bloch periodic boundary
conditions (along x-axis) to determine the dispersion curves. In order to get the modes of an
isolated dimer, we set the system period to a sufficiently large value such as a ≈ 5 µm. Unlike for
optical modelling, the analysis of the mechanical eigenmodes requires to incorporate the SiO2
substrate as sketched in Fig. 3(a). Note that we have used SiO2-based PMLs at the bottom of the
latter to mimic a semi-infinite SiO2-substrate. Let us also mention that the polymer material is
an isotropic medium whose elastic properties are represented by Young modulus E = 3.6 GPa,
Poisson ratio ν = 0.34 and density ρ = 1420 kg/m3. Similarly, SiO2 is also considered as an
isotropic medium with E = 72.2 GPa, ν = 0.168 and ρ = 2200 kg/m3. On the other side,
gold is an anisotropic material with face centered cubic crystal structure whose elastic constants
C11, C12 and C44 were taken from Ref. [9]. Simulated dispersion curves for DAu = 320 nm,
hAu = 300 nm, epol = 50 nm and ddmr = 50 nm are shown in Fig. 3(b). We focus on Brillouin
zone edge states situated under SiO2-sound line (localized phonons) and some other modes
above the latter which nevertheless correspond to modes localized in the vicinity of the surface.
We refer to these modes as A1, A2, B1, B2, and A3 up to A5 (Fig. 3(b)). In Fig. 3(c), we
show the maps of the displacement field norm associated with these modes. We observe that
modes A1 situated at ∼0.215 GHz and A2 at ∼0.246 GHz are in-phase and out-of-phase flexural
modes respectively, originating from the split of a monomer flexural mode caused by the dimer
mechanical coupling. Mode B1 found at ∼0.29 GHz corresponds to a Sezawa type surface
mode with symmetric bending vibration of the polymer/gold films, while in mode B2 (which
is also a Sezawa surface mode at ∼0.34 GHz) the antisymmetric bending motion of such films
cause the dimer to have an in-phase flexural vibration, according to the shape of such modes
shown in Supplement 1, Figs. S3(a)-S3(b). On the other hand, mode A3 found at ∼0.4756 GHz
is the in-phase compressional dimer mode slightly coupled with a Sezawa-like mode of the
polymer/gold films, whereas mode A5 at ∼0.557 GHz is the out-of-phase compressional mode
of the dimer. Both modes originate from the split of the monomer ridge compressional mode.
Finally, mode A4 situated at ∼0.514 GHz is a complex high order flexural mode with torsional
components of the dimer, also coupled to the films. This mode shape can be seen in Supplement
1, Fig. S3(d). The optomechanic coupling (OMC) of the acoustic modes with the plasmons
studied above can be quantitatively determined from the computation of coupling coefficients,
gOM . This parameter has frequently been employed to evaluate the coupling strength between an
eigen- mechanical and an optical mode in a simultaneous acoustic and photonic cavity [13,14].
Such coefficients originate from the volume photo-elastic effect and surface moving interface
effect [13], and their expressions can be obtained using a first-order perturbation theory [13,60]
based on the knowledge of the acoustic and optical fields in the dimer, such as:
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where, Meff is the effective motional mass which is defined in relation to the (normalized)
mechanical displacement field U⃗ as Meff =

∫∫∫
V
ρU⃗2dV , where ρ is the mass density, D⃗ is the
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electric displacement field, E⃗ is the electric field, and n⃗ is the outside normal to the ridges
boundary, while Ω and ω are respectively the acoustic and the optical frequencies. It should be
mentioned that in the calculation of the effective mass Meff , the ridges are in principle considered
as infinitely long along y-axis (see Fig. 1(a)), meaning that their length parallel to such dimension
is such as Ly ≫ DAu, hAu. Specifically, Ly intervenes directly in the calculation of Meff which is
defined in two dimensional calculations as Meff =

∫∫
S
ρU⃗2dS × Ly, where S is the section of the

system. As a result, both gPE and gMI magnitudes are ∝1/
√︁

Ly, that is to say, bigger Ly values
yield lower values of gPE and gMI . In Figs. 3(d) and (e), we have chosen to set the ridges length
as Ly = 3.5 µm>10DAu ≫ DAu = 320 nm ∼ hAu = 300 nm. Furthermore, ∆ε = ε 1 − ε 2,
with ε1 and ε2 being the dielectric permittivities of the materials on both sides of an interface,
and δε is the amount by which each ridge (of the dimer) dielectric permittivity is shifted due to
(volume) acoustic strain.

Here, we employ the approach detailed in [61,62] to determine such volume effect shift in
dielectric permittivity, δε, in metals. The computed gOM = gPE + gMI versus dimer acoustic
eigen-modes frequency are shown in Figs. 3(d)–3(e), where we have chosen to study coupling
with MIM-LSP modes p1 (∼ 1638 nm) and p2 (∼ 926 nm) given that these mode are more
strongly excited (Fig. 1(g)) and better confined (Figs. 1(d)–1(e)). Let us indicate that such
localized plasmons are excited as earlier in Fig. 1(c) i.e., by setting up a scattering problem
where an air domain surrounded by PMLs is added on top of the geometry in Fig. 3(a), and that
incoming light is incident with an angle of 51◦. As concerns mode p1 (Fig. 3(d)), we note that
mode B1 at ∼ 0.29 GHz yields the strongest OMC such as gOM(B1)/2π ≈ 0.0782 MHz, followed
by the in-phase compression mode A3 at ∼ 0.4756 GHz with gOM(A3)/2π ≈ 0.0712 MHz, and
by out-of-phase flexural mode A2 (at ∼ 0.245 GHz) which also indicates a significant coupling
as gOM(A2)/2π ≈ 0.0307 MHz. The remaining modes A4 and B2, show a weaker coupling
such that gOM(A4)>gOM(B2), while modes A1 and A5 with gOM(A5) ≈ gOM(A1) are nearly
inactive optomechanically. The strong coupling of modes B1, A3 and mode A2 (with a lesser
magnitude) with the plasmon p1, can be explained by the fact that such modes according to
their shape (see Fig. 3(c) and Fig. S3(c)) compress/stretch the effective MIM-cavity volume
under the dimer in their compression movement (along z−axis), hence the high gOM-values.
The rest of the modes overlap less (modes A4 and B2) or much less (A1 and A5) with the
plasmon confined in the cavity, which results in lower or much lower gOM-values. In Fig. 3(e),
we present the optomechanical couplings coefficients of the MIM-LSP mode p2, where we note
different gOM-values depending on each mode. Specifically, modes B1 and A3 which show the
highest OMC such as gOM(B1)/2π ≈ 0.0387 MHz and gOM(A3)/2π ≈ 0.0284 MHz, indicate
a sensible fall of the optomechanical coupling rate comparing with mode p1. Out-of-phase
flexural mode A2 also manifests a drop in OMC as the coupling coefficient falls down to
gOM(A2) \ (2π) ≈ 0.0121 MHz. Such trend could be related to the fact that the plasmon p2 is
significantly less strongly excited (see Fig. 1(g)) and confined as compared to mode p1, leading
to a weaker overlap and thus to a weaker coupling magnitude with the modes B1, A3 and A2. On
the other side, except for modes A1 whose optomechanical coefficient gets further lowered down
rendering it quite inactive, the rest of the modes A1, B2, A4 and A5 show a simi lar tendency
comparing with mode p1 as their coefficients do not change much, which might relate to their
weak overlap with mode p2 in an equivalent fashion as with mode p1. It is worth mentioning that
the very low OMC of mode A5 can be linked to the fact that in this mode, as one of the ridges
compresses the MIM-cavity, the other one stretches it out at the same instant, resulting in almost
a null effect. We would like to point out that the coefficient gPE representing the volume effect is
found to be quite small comparing with gMI (surface effect) for all modes, which probably relates
to the fact that the plasmons modes (p1 and p2) show a strong localization near metal interfaces
and a quite weaker confinement within the metal volume.
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Fig. 3. (a) Sketch of the dimer-FCN geometry employed to study the system acoustic modes.
The structure is put atop a SiO2 substrate, and Bloch periodic conditions are set along
x−axis so to compute the dispersion curves. The period a ≈ 5 µm is chosen large enough in
order to isolate the dimer. (b) Corresponding simulated dispersion curves for the following
geometrical parameters: DAu = 320 nm, hAu = 300 nm, epol = 50 nm and ddmr = 50 nm.
(c) Displacement field norm map near and around the dimer at the frequencies of the Brillouin
Zone edge modes referred to as A1, A2, B1, B2 and A3-A5 in the dispersion plot of (b). (d),
(e) Computed optomechanical coupling (OMC) coefficients of the acoustic modes depicted
in (c) with the MIM-LSP modes p1 (∼ 1638 nm) and p2 (∼ 926 nm) shown in Fig. 1(c),
respectively. Note the different scale of such plots.
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4. Surface acoustic waves monitoring of OMC in the dimer FCN-based design

4.1. Transmission properties of SAW

We now investigate the coupling of the LSP-plasmons (modes p1 and p2 of Figs. 1(d)–1(e))
with the eigen-mechanical modes of the dimer excited by means of SAWs. Let us first study
the transmission properties of SAW through the system in the frame of the scheme depicted in
Fig. 4(a). Perfect matched layers are set to surround the whole simulation domain preventing
any unwanted reflections. Geometrical parameters of the dimer and those characterizing the
FCN structure are chosen as earlier in Fig. 3(b). For obvious symmetry reasons of invariance
along y−axis, we perform 2D simulations within a section (in a ozx-cut plane) of the geometry in
Fig. 4(a). An excitation line force is applied atop the system vertically along z−axis as shown in
Fig. 4(a). The transmission coefficient is obtained by making an average of the displacement

field magnitude
√︂
|u|2 + |w|2 registered at the detection point (Fig. 4(a)) and normalized with

respect to the structure in absence of the dimer. In Fig. 4(b), we show an example of SAW
effective excitation and propagation near the surface of the system, where we have depicted

|w|/max
(︃√︂

|u|2 + |w|2
)︃

map. Here, the displacement field max is evaluated within the whole

structure. The transmission spectrum is computed in the frequency range [0.12 GHz − 0.62 GHz]
which covers all the dimer-FCN eigen-mechanical modes studied above. Figure 4(c) shows the
transmission coefficient for the system sketched in Fig. 4(a), and as a matter of comparison, we
have also plotted the transmission of the same structure but for a gold ridge monomer of same
dimensions.

In case of the monomer (black curve), one notes the excitation of three modes in the frequency
range of interest, that is, fM1 ≈ 0.234 GHz (mode M1), fM2 ≈ 0.5218 GHz (mode M2) and
fM3 ≈ 0.615 GHz (mode M3). These modes correspond, according to the displacement
field maps of Fig. 4(e), to a first flexural, a compressional and a higher order flexural mode,
respectively. When a dimer is set atop the structure instead (red curve), we observe due to dimer
mechanical coupling a split of the modes M1 and M2 while the split of mode M3 shifts out
of the frequency domain. Mode M1 gives rise to in-phase and out-of-phase flexural modes at
fD1 ≈ 0.222 GHz (mode D1) and fD2 ≈ 0.24724 GHz (mode D2), respectively, while mode M2
splits respectively into in- and out of-phase compressional modes at fD3 ≈ 0.4748 GHz (mode
D3) and fD4 ≈ 0.548 GHz (mode D4). This is seen in Fig. 4(f) where displacement maps around
the dimer at these modes frequencies are plotted. On the other hand, mode D5 at ∼0.6056 GHz,
originating from the split of mode M3, has some common features with the in-phase flexural
high order mode A4 seen in Fig. 3(c), even if slightly different, as the dimer is isolated. Indeed,
mode A4 being coupled with the polymer/gold films is somewhat related to the system (Fig. 3(c))
periodicity. Modes B1, B2 which are not excited with SAW, originate probably essentially
from periodic weak coupling in the design of Fig. 3(a), hence their missing in the transmission
spectrum.

It is worthwhile mentioning that the dimer modes excited with SAW match well with those
obtained in the dispersion curves of Fig. 3(b). There are only very small shifts in frequencies. For
instance, the in-phase compressional mode D3 frequency in the fully isolated structure (Fig. 4(a))
is found as ≈0.4748 GHz instead of ≈0.4756 GHz for mode A3 in the periodic geometry of
Fig. 3(a). For the other modes excited by SAW, we have the following correspondence with
the modes of Fig. 3(b): (in-phase flexural) D1 at fD1 ≈ 0.222 GHz ↔ A1 at fA1 ≈ 0.215 GHz,
(out-of-phase flexural) D2 at fD2 ≈ 0.24724 GHz ↔ A2 at fA2 ≈ 0.246 GHz, and out-of-phase
compressional D4 found here at fD4 ≈ 0.548 GHz ↔ A5 at fA5 ≈ 0.557 GHz.

Furthermore, we have studied in the Supplement 1 the dimer/monomer-FCN mechanical
eigenmodes using a different approach instead of SAW (Fig. 4(a)) consisting in exciting the
dimer/monomer locally and probing the excited modes also locally. This complementary approach

https://doi.org/10.6084/m9.figshare.17105648
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Fig. 4. (a) Scheme of the dimer-FCN geometry design for the study of SAW transmission.
Similar to Fig. 3(a), the structure is deposited on SiO2 substrate and PMLs are surrounding
it to get rid of undesired reflections. (b) Plot at f = 0.245 GHz of absolute magnitude of
the displacement field component w, normalized to the displacement field norm maximum
measured in the whole system, in absence of the dimer. (c) Transmission coefficient through
a dimer (red curve) or a monomer (black curve). The transmitted amplitude is normalized
to that of a flat surface without ridges. (d) Displacement field norm map in the geometry
at the frequency, fD1 ≈ 0.222 GHz, of the mode referred to as D1 in (c). (e) Zoom in of
displacement field norm map around the monomer at the frequencies, fM1 ≈ 0.234 GHz,
fM2 ≈ 0.5218 GHz and fM3 ≈ 0.615 GHz of the modes referred to as M1, M2 and M3 in (c).
(f) Same as in (e) but for modes referred to as D1 up to D5 in (c), whose frequencies are,
respectively, fD1 ≈ 0.222 GHz, fD2 ≈ 0.24724 GHz, fD3 ≈ 0.4748 GHz, fD4 ≈ 0.548 GHz
and fD5 ≈ 0.6056 GHz.
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gives also an overall good agreement within a few percent frequency shifts. It is interesting to
note the higher quality factors of the dimer modes D1 and D2 (Fig. 4(c)) comparing to the other
modes due to their higher localization degree in the dimer.

Based on the findings in Figs. 3–4, we will focus on OMC of the dimer acoustic modes showing
the highest gOM coefficients and which are fairly well excited by SAW, that is, the in-phase
compressional mode D3 and the out-of-phase flexural mode D2. In order to study OMC using
SAW, we employ the geometry in Fig. 4(a) on top of which (near the dimer) we add an air domain
for optical calculations. PMLs are set to surround the latter to avoid reflections. We search for
optical quasi normal eigenmodes of interest p1 and p2 by virtue of complex eigen- frequency
simulations. A sketch of the geometry is shown in Fig. 5(a). We follow the method of moving
mesh detailed elsewhere [38,46] to calculate the modulation of the dimer plasmon mode by
the considered mechanical mode. Specifically, at an instant of time of the deformed geometry
(quasi-static approximation [38]) due to SAW-excited dimer mechanical mode we calculate the
new shifted resonance plasmon mode frequency using optical quasi-normal eigenfrequency
calculations. For the purpose of numerical simulation, the elastic deformation should not be too
small, neither large as compared to the mesh size.

Therefore, we opt for a mesh deformation such that the maximum elastic displacement allowed
inside/near the ridges is about umax ≈ 1.55 nm, meaning a small deformation rate equal to
∼ 0.48 % the width of the ridge. The applied max displacement umax is adjusted through the
tuning of the excitation force magnitude that gives rise to the SAW at the inlet of the system. In
the followings, we set the same umax in the simulations of all the considered phononic modes by
adapting the strength of the force that creates the SAW. However, it should be noted that in an
actual experiment with a given strength of the applied voltage to the intertigitated transducers, the
acoustic deformation of the ridge structure will be different from one phononic mode to another.
This means that the corresponding plasmonic modulation needs to be evaluated accordingly by
applying a rule of three. In other words, the efficiency of plasmonic modulation will depend both
on the intrinsic OMC and on the ability of the SAW to excite the considered phononic mode with
a large amplitude. This remark will be applied to the modes D2 and D3 and discussed below.

In Fig. 5(b), we have plotted for the in-phase compressional mode D3 the shift in the plasmon
eigen-wavelength, such as δλ1 = λ1 − λ10, where λ10 is the original wavelength while λ1 is the
modulated wavelength, versus the temporal phase ϕ = (2π) × fa × t of the acoustic wave, with
ϕ ∈ [0 − 2π]. Here, fa is the frequency of the acoustic mode while t is the time; the considered
MIM-LSP is mode p1 found at ∼ 1638 nm in Fig. 1(c). Similarly, in Fig. 5(c) we analyze the
modulation of the plasmon mode p2 at ∼ 926 nm (Fig. 1(c)) by the same acoustic mode D3. We
show in Supplement 1 (Figs. S5(a)-S5(c)) the E-field norm maps of plasmonic modes p1, p2
and that of a monomer giving rise to mode p1 by using the complex eigen-frequency method.
These maps are very similar to those obtained by the scattering calculations (Fig. 1(c)). We
note that the mode D3 of the dimer strongly modulates the plasmon mode p1 (Fig. 5(b)) as
the latter resonance wavelength undergoes a periodic oscillation with a maximal amplitude of
δλ1 ≈ 6.4 nm around λ10 ≈ 1613 nm. Plasmon mode p2 is also periodically modulated with
lesser magnitude (Fig. 5(c)) since the maximum modulation amplitude is of δλ2 ∼ 2.7 nm where
λ20 ≈ 900 nm. The strong OMC noted here is due to the important deformation induced by the
compressional mode within the MIM-cavity under the dimer whose volume compresses/stretches
as the mode oscillates, hence the plasmon modulation.

This is particularly true for plasmon mode p1 which is more strongly localized (see Supplement
1, Figs. S5(a)-S5(b)) in the cavity as compared to plasmon mode p2 less intensely confined
underneath the dimer.

Also, this is consistent with the computed gOM in Figs. 3(d)–3(e), showing a stronger
optomechanical coupling magnitude with mode p1 than with mode p2. Specifically, one notes that
the ratio expressing the fall of the OMC strength of mode A3 with modes p1 and p2 from Fig. 3(d)
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Fig. 5. (a) Sketch of the SAW-based geometry similar to the one in Fig. 4(a) but on top
of which an air domain is added over the dimer for optical eigen-frequency simulations.
PMLs are placed all around the air domain to eliminate reflections. (b), (c) Modulation
of the resonances wavelengths δλ = λ − λi0 (with, i = 1, 2) of plasmonic modes p1 and
p2 by in-phase compressional mode D3 versus the temporal phase. The wavelengths λi0
correspond to the original unmodulated plasmonic resonances found at λ10 ≈ 1613 nm for
mode p1 and at λ20 ≈ 900 nm for mode p2 by quasi-normal optical modes search. (d), (e),
Same as in (b) and (c) but in case where the modulating mechanical mode is the in-phase
flexural mode D2. As for comparison of OMC rates between a dimer and monomer, in (d)
we also plot in dark green curve, the modulation of the equivalent of plasmon p1 in case of a
monomer atop the polymer by the flexural mode of a monomer (mode M1).
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(A3↔p1) to Fig. 3(e) (A3 ↔ p2) is such as gOM(A3 ↔ p1)/gOM(A3 ↔ p2) ≈ 0.0712/0.0284 ≈

2.50. In Figs. 5(b)–5(c) such ratio takes the form δλ1(D3 ↔ p1)/δλ2(D3 ↔ p2) ≈ 6.4/2.7 =
2.37, which compares rather well with the former taking into account the differences between
the systems in Figs. 3(a) and 5(a). Indeed, the dimer in the periodic structure of Fig. 3(a) is not
fully isolated and its eigen-modes in terms of their shape in particular are rigorously determined
whereas in Fig. 5(a), the dimer modes are more or less efficiently excited with a more or less
important FWHM by the SAW, which might explain the noted small discrepancy. As concerns
the interaction of mode D2 with plasmons p1 and p2, the results are depicted respectively in
Fig. 5(d) and Fig. 5(e). Both modes are periodically modulated by the phonon, with the associated
maximum modulation amplitudes, δλ1 ≈ 2.3 nm for mode p1 and δλ2 ≈ 0.74 nm for mode p2.
The latter is weaker than the values obtained above while the former is quite significant. As can be
seen in Supplement 1 (Fig. S3(c)), where mechanical displacement field norm is depicted in the
dimer and underneath within the effective MIM- cavity at the frequency of mode D2 ∼0.246 GHz.
One notes the cavity volume deformation (i.e., a combination of compression/stretching) in such
mode, supporting why δλ1 reaches the observed value. The observed coupling strengths of mode
D2 with modes p1 and p2 shown in Figs. 5(d)–5(e) agree well with the simulated gOM of such
mode in Figs. 3(d)–3(e).

As a matter of fact, in the latters we have gOM(A2 ↔ p1)/gOM(A2 ↔ p2) ≈ 0.0307/0.0121 ≈

2.54, while in Figs. 5(d)–5(e) the OMC strength is given by δλ1(D2 ↔ p1)/δλ2(D2 ↔ p2) ≈
2.3/0.7 = 3.28, showing that both values are quite close. As mentioned above, the small
discrepancy between the two can be probably attributed to the differences between the systems
sketched in Figs. 3(a) and 5(a).

Actually, one might expect a better OMC rate between mode D2 and plasmon mode p2
as the latter has a MIM-like component confined vertically between ridges, which should
be compressed/stretched by such mode. Nonetheless, in Hooshmand and El-Sayed work on
nanocubic silver dimer interaction, the strong coupling regime where plasmons modes splitting
occurs, is attained for inter-dimer distances of ddmr ∼ 2 nm − 5 nm [63]. That means that our
coupled dimer for which, ddmr = 50 nm, is rather in the moderate to weak coupling regime
which results in a weaker vertical MIM component of plasmon mode p2, and hence a weaker
overlap between such plasmon and mode D2, translated by a lower plasmon modulation. Another
possibility to explain the value of δλ2 ≈ 0.74 nm resides in the fact that in mode D2 the
gap between the ridges is rather compressed at their bottom, near the polymer, and stretched
asymmetrically at the upper side and vice-versa during an oscillation (see mode shape in Fig.
S3(c)). As a result, a compensation takes place in the plasmon resonance wavelength shift,
yielding an overall weaker modulation.

The equivalent of plasmon mode p1 for a monomer atop with a strong confinement under
the ridge is found by quasi-normal eigen-frequency simulations at λ0 ∼ 1800 nm; the map of
its electric field norm is shown in Supplement 1, Fig. S5(c). The corresponding modulation
δλ = f (ϕ) by the flexural mode M1 giving rise to D2 mode in case of a dimer is also plotted
in dark green curve in Fig. 5(d). It can be seen that the flexural mode of monomer seemingly
inactive optomechanically becomes clearly active in case of a dimer in the out-of- phase flexural
motion of mode D2, the reason being related to the cavity volume deformation in such mode
as mentioned earlier. Note that the dimer mode D1 having the exact same symmetry as for the
monomer flexural mode M1 remains inactive.

Besides the intrinsic OMC, the efficiency of the plasmonic modulation depends also on how
the generated SAW will be able to strongly excite the localized phonons of the dimer ridges.
Indeed, for a given strength of the force exciting the SAW, one can compare the maximum
amount of deformation and compare it to the value fixed to 1.55 nm in the simulation of the
intrinsic OMC. Indeed, the maximum plasmon oscillation amplitude δλ (nm) is linearly scalable
with umax as long as we stay in the linear regime, supported by the sinusoidal shapes of the

https://doi.org/10.6084/m9.figshare.17105648
https://doi.org/10.6084/m9.figshare.17105648


Research Article Vol. 29, No. 26 / 20 Dec 2021 / Optics Express 43119

modulation wavelengths shown in Fig. 5. As an illustration, let us assume an applied force of
1.2 N to generate SAW. Then, we observe a maximum displacement field of 1.55 nm and 44.3 pm
respectively for the flexural D2 mode and the compressional D3 mode. Clearly, the SAW excites
much more strongly the flexural mode D2 than the compressional mode D3. As a consequence,
mode D2 will become much efficient optomechanically with a max modulation of δλ ≈ 2.3 nm
according to Fig. 5(d); while simulations show that with a maximum displacement of 44.3 pm
set in mode D3, the obtained plasmon modulation is of δλ ≈ 0.1674 nm i.e., ∼ 14 fold smaller.

It is interesting to show the modulation of the plasmons through the shift of the dimer scattering
cross section caused by the localized mechanical mode excited by the SAW. As a matter of
fact, the scattered field is experimentally detected. Hence, we set out to simulate scattering
cross section σsca/m shift by the compressional mode D3 around plasmon modes p1 and p2 at
different temporal phases of the acoustic mode. The results are shown in Figs. 6(a) and Fig. 6(b),
where we have plotted σsca/m versus wavelength at the phases, ϕ = 2 [rad], and 5 [rad] for
plasmon modes p1 and p2, respectively. These phase values correspond to the positions of
maximum plasmon wavelength modulation, according to Figs. 5(b)–5(c). Let us mention that
such scattering simulations are performed using the SAW-geometry design depicted in Fig. 5(a).

Fig. 6. (a) Scattering cross section plotted versus wavelength of the dimer in the geometry
of Fig. 5(a). The frequency range is chosen around the plasmon mode p1 at ∼ 1638 nm
(Fig. 1(c)). Incidence angle of the incoming field is set as θ ≈ 51◦ (similar to Figs. 1(d)–1(e)).
(b) Same as in (a) but around the wavelength range of plasmon mode p2 at ∼ 926 nm
(Fig. 1(c)). Insets show dimer compression mode D3 interacting opto-mechanically with
plasmon mode p1 in (a) and with plasmon mode p2 in (b).

Further, to gain computation time during the scattering electromagnetic problem we define
the background field here fully analytically and plug it in a second step where we solve for the
scattered field. Also, to study the modulation of plasmonic modes p1 and p2 seen in Fig. 1(c),
we set the incidence angle of the incident field as θ ≈ 51◦, and as pointed out already prior to the
scattering study a moving mesh step is applied based on the SAW acoustic study realized before
it. The max allowed displacement field set in/around the dimer is slightly scaled-up by a factor of
∼2.25 (comparing with Fig. 5) so that we get umax ≈ 3.1 nm i.e, a deformation rate of ∼ 1 %.
This is done simply to get a better visibility of the dimer cross section spectra shift. We see that
the scattering cross section spectrum (near the max) is clearly shifted as the phase of the acoustic
compression mode is changed, showing the modulation of the plasmon. We note that the amount
by which the plasmon is modulated between phases ϕ = 2 [rad] and 5 [rad] is of δλ1 ∼ 13.4 nm
for plasmon mode p1 (Fig. 6(a)) and roughly of δλ2 ∼ 6.57 nm for plasmon mode p2 (Fig. 6(b)).
Note that these values reflect perfectly the applied scalability when making the comparison of
these modulation wavelengths with respect to those computed earlier in Figs. 5(b)–5(c).
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5. Conclusion

Thorough numerical calculations have been performed in this work to investigate the possibility
of monitoring OMC using surface acoustic waves in a metal film-coupled nanoparticles system.
The proposed design is made out of dimer gold ridges atop a metal plate deposited on SiO2
substrate and covered with thin polymer film. We have first studied optical scattering properties
of the dimer, and found three MIM-type localized plasmons in the frequency range of interest,
namely the infrared domain. Such modes are strongly confined under the dimer or both under
and in-between the ridges. In particular, the modes are shown to have narrower linewidths and
higher scattering coefficients as compared to a monomer atop the structure. Furthermore, their
behavior as function of the key geometrical parameters of the system analyzed numerically are
successfully captured with a MIM-like effective cavity model. Acoustic study of the system shows
that localized mechanical eigen-modes of the dimer arise out of the dimer mechanical coupling.
Such modes falling at sub-GHz range are in-phase or out-of-phase flexural, compressional and
higher order flexural modes. Optomechanical coupling of these modes with the MIM-strongly
localized plasmons determined by optical modeling is analyzed through the computation of OMC
coefficients gOM . Regarding the dimer eigen-modes, it is found that in-phase compression mode
yields a particularly higher gOM for both considered plasmonic modes as it strongly deforms the
MIM-like cavity under the dimer, while in-phase flexural mode shows a significant gOM with a
lesser magnitude.

Then, we have studied the effect of surface acoustic waves excited at the inlet of the structure.
The interaction is analyzed through the transmission spectrum of the system showing the effective
excitation of in/out of phase flexural and compressional modes. Observed dimer modes result
from the splitting of the original monomer modes. Application of moving mesh enabled us
to investigate OMC of compressional in-phase and flexural anti-phase dimer modes with the
localized plasmons at ∼ 1638 nm and ∼ 926 nm. We find that in-phase compression mode
strongly overlaps with plasmon p1 and slightly less with plasmon p2 as we observed a maximum
modulation of the plasmon resonance wavelength of δλ ∼ 6.4 nm for mode p1 and δλ ∼ 2.7 nm
for mode p2. Out-of-phase flexural mode yields a significant coupling for mode p1 with a
modulation max of δλ ∼ 2.3 nm whilst plasmon mode p2 shows a weaker coupling.

We show that the optomechanically inactive monomer flexural mode becomes active due to
dimer coupling, indicating a potential interest of dimers over monomers. While comparing the
efficiency of the out-of-phase flexural mode and the in-phase compressional mode to modulate
the dimer plasmonic modes, we noticed that the former has a weaker intrinsic OMC with respect
to the latter, while the opposite situation occurs when the force creating the surface acoustic
wave is fixed. This results from a stronger excitation of the flexural mode by the SAW than the
compressional mode. Such findings based on the proposed SAW-dimer FCN design could lead
to conception of nanoscale acousto-optic devices for light modulation in infrared, high frequency
nanomechanical ultrasensitive sensors or biosensors and optical switches.
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