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Abstract: Acoustic—plasmonic coupling in metallic nano-
particles can significantly alter their optical absorption
and scattering characteristics. However, almost all previous
investigations on acoustic—plasmonic coupling so far have
been focused on the spectral response of particles in a vac-
uum. In this report, a spatial photon scattering mode tak-
ing count in the acoustic—plasmonic coupling of individual
gold nanoparticle (GN) on a silicon substrate under ultra-
sonic influence was presented. The acoustic—plasmonic is
visualized with parametric images with spatial scattering
patterns of the particle under the excitation of polarized
light along the Poincare’s equatorial trajectory. The ultra-
sonic sources can be sensitively extracted from the paramet-
ric siné images, providing clear evidence of the extremely
weak influence of ultrasound wave directivity on the spa-
tial characteristics of the scattering of the particle through
acoustic—plasmonic coupling. Experiment and simulation
results reveal that, in general, the coupling is the strongest,
when the maximum electric field (plasmon vibration mode)
aligns with the ultrasonic propagation direction. This study
provides a new angle to observe and deepen the under-
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standing of the acoustic—plasmonic effect of nanoparticles,
in addition to the conventional manner of investigation
on their scattering spectra. It emphasizes the possibility of
determining the spatial distribution of nanoparticles via
photon state scattering when they are in a weakly oscillating
environment, providing valuable guidance for future poten-
tial applications exploiting the acoustic—plasmonic effect of
nanostructures.
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1 Introduction

The optical properties of metal nanoparticles arise from
the coupling between incident electromagnetic radiation
and collective oscillation of conduction electrons, and the
resulting local surface plasmon resonance is widely used in
various fields, such as the detection of mechanical proper-
ties of the nearby fluid environment [1], virus detection [2],
multifunctional drugs for tumor diagnosis and treatment
[3], [4], surface-enhanced Raman scattering [5]-[7], etc.
The dimensions and morphology of nanoparticles,
along with the coupling between nanoparticles and their
surrounding media, have a fundamental impact on the
spectra of plasmon [8]. There is inevitably some vibration
in the particle itself or its immediate environment under
optical excitation, so there is a significant and fundamental
interest in exploring the interplay between acoustic vibra-
tion and local surface plasmon [9], [10]. Acoustic vibrations
can be generated using an ultrafast pump laser pulse [11],
[12], a wide range of loads on the substrate [13], or via
piezoelectric phenomena [10], [14]. Wherein, the ultrafast
vibrational dynamics of metal structures can be investi-
gated by femtosecond pump-probe spectroscopy [15], [16]
and subpicosecond laser pulses [17] to detect and identify
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the various vibration modes of nanoparticles. Similarly,
the photothermal effect shall also affect the morphology of
the nanoparticles and surrounding environment [18]-[22]
and subsequently affect the localized surface plasmon reso-
nance (LSPR) spectrum of the nanostructures.

In certain research, an adjustable LSPR spectrum was
developed through acoustic—plasmonic coupling in GNs
arrays induced by shear horizontal vibration, resulting from
a piezoelectric phenomenon [14]. However, this investiga-
tion solely considers the influence of the displacements of
GNs caused by acoustic vibration on the LSPR spectrum,
disregarding the acoustic—plasmonic mechanism related to
the volume variation of nanoparticles. Numerical investi-
gations conducted by Aftab Ahmed et al. on the modula-
tion of the optical response of silver nanoparticles through
acoustic vibrations took into account both mechanisms [23].
Through simulation and experiment, they have verified
that nanoparticles integrated into a uniform dielectric host
matrix result in changes in the LSPR spectrum via both the
volume mechanism and photoelastic coupling. Nonetheless,
prior research primarily concentrated on spectral charac-
teristics without adequate discussion of the spatial field dis-
tribution for nanostructures under the influence of vibra-
tions. Furthermore, there was scant attention paid to the
effect of ultrasound with diverse settings.

Recently, it has been reported that single-molecule flu-
orescence signals are tracked to extract specific frequencies
and amplitude of acoustic vibrations, which has a sensitive
dependence on the distance between the dye crystal violet
and a GN [9]. Although this study provides a very sensitive
way for the detection of acoustic vibrations at the nanome-
ter scale, it is still relying on exploiting the spectrum of
single-molecule fluorescence and spatial characteristics of
plasmonic scattering influenced by the acoustic—plasmonic
effect in nanoscale systems remains to be investigated.

In this paper, we reveal the spatial field distribution
characteristics induced by the acoustic—plasma coupling
phenomenon, which allows us to conclusively prove the
existence of the acoustic—plasmonic effects in an individ-
ual nanostructure. The photon state parametric images, i.e.,
siné and ¢, are applied to demonstrate the influence of
mechanical oscillation of gold nanospheres adsorbed on the
silicon substrate on its localized surface plasmonic reso-
nance (see Figure 1), based on an indirect polarization imag-
ing technique developed previously in the group [24]-[26].

The impact of ultrasonic waves with varied propa-
gation directions and different moments on the scatter-
ing parameter images is discussed, which can assist in
tracking ultrasonic sources sensitively. The experimental
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findings demonstrate that a difference in the scattered light
field can be detected, even at an angle of 0.35° between
the vectors connecting the particle and different sound
sources, which can be verified by the simulations with the
finite element method (COMSOL). Also, the LSPR spectrums
were confirmed to shift due to the photoelastic mecha-
nism and change with the polarization angle of the inci-
dent light. Ultrasound waves had a stronger influence on
localized plasmonic effects when the propagation direction
aligned with the incident light polarization. It is antici-
pated that the spatial scattering characteristics obtained
through polarization parameter imaging will further aid in
designing nanoparticle applications for various vibration
environments.

2 Materials and methods

2.1 Sample preparation

In the following, we examined GNs attached to the silicon substrates.
The stock solution of GNs was diluted to a concentration of 1 mg/mL
with 100 mg/mL distilled water, and then 30 pL of the solution was
dispensed onto the silicon substrates. The preparation of samples took
place under ambient conditions. Piezoelectric ceramic (PZT) is attached
to one side of the upper surface of the silicon substrate to facilitate
acoustic vibrations. The PZT is linked to a signal generator via wires,
delivering a sine wave with an amplitude of 10Vpp at a frequency of
10 MHz. On the opposite side, the other PZT is connected to an oscil-
loscope to observe the propagation of ultrasound waves on the silicon
substrate.

2.2 Simulation setting

The finite element software (COMSOL Multiphysics 5.5) is utilized to
ascertain the optical response in various propagation directions of
sound waves, by calculating its mechanical and optical responses. The
propagation processes of waves are modeled using the Solid Mechanics
Module. For the provision of ultrasonic waves, loads are employed
instead of PZT, owing to its time-saving benefits. The loads were set in
a sinusoidal form along the Z-axis, with an amplitude of 10Vpp and a
frequency of 10 MHz, aligning with the established parameters of PZT in
the experiment. The region of applied loads is situated on the top of the
silicon substrate, as shown by the red area in Figure 2(a), with dimen-
sions of 2.5 pm X 2.5 pm. The silicon substrate itself measures 2.5 mm
X 2.5 mm X 0.5 mm, hosting a 100 nm GN positioned centrally, visible
in the golden area in Figure 2(c). The mesh configuration employed is
a free tetrahedral mesh, characterized by a maximum element size of
40 pm and a minimum element size of 2.5 nm.

To explore the influence of ultrasound in various propagation
directions, models for sound waves propagating along the X-axis and
Y-axis were established, respectively. These models are depicted by
the red areas in Figure 2(a) and (b), respectively. The sound source is
positioned either to the left or on the upper surface of the silicon.
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Figure 1: Characterization of gold nanospheres detection system for acoustic vibrations. (a) Schematic of the nano acoustic detector based on the
photon state scattering of gold nanospheres. The nanospheres were attached to the silicon substrate, and acoustic vibration in the horizontal direction
was propagating on the silicon substrate. (b) Three states of particles under ultrasound, in tension (case h.1), when the ultrasonic amplitude is 0 or in
balance (case h.0), and when it is compressed (case h.2). (c) Siné parameter diagrams of gold nanospheres depicting differences among three acoustic
vibration states, and the accompanying. Scale bar, 100 nm. (d) Electric field vector diagrams of the X -Z section in three ultrasound states.
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Figure 2: Models used in the simulation study. The dimensions of the silicon are 2.5 mm (length) and 2.5 mm (width), with a height of 0.5 mm. AGN
with a 50 nm radius is centrally positioned within the silicon. Sine wave loads serve as the sound source. Red areas in (a) and (b) signify sound source
locations on the left and above the upper surface of the silicon, respectively. In (c), the position of the GN relative to the silicon substrate is illustrated,
with the GN centrally located above the silicon. The golden color represents the GN. The dimensions of silicon in (c) are 750 nm in width, 750 nm in
length, and 250 nm in height. The position of (c) is demarcated by the black dotted line in the middle of (a), reflecting their size relationship.

The simulation of optical response utilizes the Electromagnetic
Waves (Frequency Domain) Module. The refractive index (RI) of GN is
sourced from Johnson and Christy, undergoing modulation influenced
by elastic strains to facilitate the calculation of optical properties. In
this section, the dimensions of the silicon substrate are specified as
750 nm X 750 nm X 250 nm, with the diameter of GN being 100 nm, as
illustrated in Figure 2(c). Plane electromagnetic waves are employed
at a distance of 300 nm above GN, and free tetrahedral meshes are
configured with a maximum element size of 20 nm.

2.3 Optical measurements

The photon state parameter images (siné and ¢) are acquired through
the application of the polarization indirect microscopic imaging (PIMI)
technology [27]. This involves exciting the localized plasmonic field
of nanoparticles with the light along Poincare’s equatorial trajec-
tory, detecting changes in the scattered photon state to visualize the
anisotropic characteristics of the nanostructure. The resolution of this
technique surpasses the diffraction limit of the traditional microscopy.
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The intensity of scattering in this approach significantly relied on the
changes in the measured nearby-field refractive index.

A succinct description of the PIMI system is concluded here with
additional information available in [27]. The system was assembled
using a reflection microscope (BX51, Olympus) equipped with a combi-
nation of a PiA2400-17gm CCD (Balser) and a 100X objective to enhance
sensitivity. A polarizer capable of modulating angles between 0 and
180° in increments of 18° was inserted within the illumination path.
Interpolation was implemented to convert the image pixel size from
34.5 nm to 6.9 nm to achieve greater analysis accuracy.

2.4 Acoustic-plasmonic coupling

To investigate the optical response of nanoparticles to ultrasonic vibra-
tion, we utilize PZT as a source of ultrasonic waves instead of a pulsed
laser because it exhibits piezoelectric phenomena and can disregard
the photothermal effect. We thus concentrate solely here on the corre-
lation between mechanical vibrations and plasmon resonances. For an
individual GN, the motion of the particle caused by acoustic vibrations
exclusively alters its location in space and has no impact on the con-
nection between the particles and the substrate. Therefore, the paper
excludes any consideration of horizontal particle displacements. The
coupling between ultrasound waves and nanoparticles is identified as
stemming from the elastic and volume effects. However, alterations to
the LSPR spectrum will not occur when the volume remains constant
despite shape changes [23], [28]. From the following simulated results,
it is evident that the particle has minimal substrate contact, and its
volume undergoes an insignificant change. This paper disregards the
alteration caused by the volume effect and emphasizes the impact of
the elastic effect.

To explain the optical properties of GNs, we apply the Lorenz-
Drew model to articulate the dielectric constant of gold nanospheres:
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where plasmon frequency (@,), oscillator strength (f,,), linewidth (I',),
and interband transition frequency (w, ,,) would undergo a transition
under tensile or compressive strains. Thus, the shift can be evaluated
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tials, y refers to the local strain, |e| represents the electron charge, and
h is the reduced Planck’s constant [23].

For the silicon substrate, the elastic effect of vibrations is primar-
ily reflected in the alterations of the refractive index, which can be
quantified as
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where C,, C,, and C, are stress-optic constants [29]-[33]. n and o are
the refractive index and stress, respectively, with i and j corresponding
to x,y, and z.

Due to the nonuniform distribution (inhomogeneous) of stresses
and their varying values in different directions (anisotropic) within
the nanoparticle, the refractive indexes are also inhomogeneous and
anisotropic.
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3 Results and discussion

According to the acoustic wave excitation mode shown in
Figure 2(a), the stress distribution at two seconds is selected
as the moments when the nanoparticles were located at
the valley and peak of the ultrasound wave on the basis of
the sound pressure curve at the contact point (0,0,0) as the
dilatation and compression state, when the pressure values
are close after the sound waves were relatively stable. The
sound waves propagating in the X direction are deemed as
horizontal, with the ones that propagate in the Y direction
being labeled as vertical.

The stress levels are approximately 107 Pa, with the
changes in dielectric permittivity caused by stress having
real and imaginary parts on the order of 10~2 depending on
the calculations utilized, while the reference [28] estimates
the calculations to be on the order of 10~*. The modifications
to the dielectric constant resulting from the excitation of
sound waves by PZT are considerably reduced within this
paper. With the given intensity of sound pressure, the largest
displacements of nanoparticles are approximately 5nm.
This indicates that the changes in dielectric permittivity,
due to the effects of displacement and shape change, may
be disregarded in this paper. Subsequently, we examine the
deviations of the extinction spectrum.

We first consider the influence of sound waves on
the LSPR spectrum of GN at the valley and peak positions
when it propagates horizontally, with the electromagnetic
field’s polarization direction aligned with the X-axis’s posi-
tive direction in the simulation. Five distinct cases are pro-
posed. Case h.0 entails GN subject to polarization illumina-
tion devoid of any acoustic vibrations, case h.* involves GN
affected by vibrations traveling the horizontal direction at
their crest (*.1) and trough (*.2), while case v.* involves GN
exposed to ultrasound wave propagating vertically direc-
tion at their crest (*.1) and through (*.2).

As depicted in Figure 3, the coupling of ultrasound
vibrations and plasmonic resonance results in a notable
blue-shift within the wavelength range of 500 nm to 550 nm,
influencing the numerical value of the extinction cross
section. Evidently, the values for case h.2 surpass those of
case h.0, and the four curves maintain consistency above the
600 nm wavelength, except for case h.1.

However, there are exceptions. In case h.1, where vibra-
tion is at its peak in the horizontal direction, the resonance
peak around 460 nm experiences a red-shift to 470 nm, caus-
ing a noticeable change. Furthermore, the resonance peak
at 520 nm undergoes a blue-shift to 515 nm, and a new reso-
nance peak emerges at 555 nm, as observed in Figure 3. The
curve demonstrates that when the direction of sound wave
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Figure 3: Optical extinction spectrum of GN under X-axis polarization
spanning from 400 nm to 650 nm under various conditions of
acoustic-plasmonic coupling for the simulation.

propagation is consistent with the polarization direction of
the light field, and the amplitude of the sound wave sig-
nificantly impacts the tensile state of the ultrasound stress,
it results in noticeable fluctuations the LSPR spectrum and
could potentially add a resonance peak. The abrupt alter-
ation observed in case h.1 could potentially be attributed
by lager stress distribution, resulting in the anisotropy of
refractive index distribution. In case h.1, the direction of
sound wave propagation aligns with the polarization direc-
tion of the light field. Additionally, the sound pressure in this
scenario is relatively higher compared to case h.2, leading to
a sudden change in the curve. In contrast, in other cases, the
curve remains smooth.

To further investigate the optical response and LSPR
spectrum under the influence of ultrasound waves, the sim-
ulation results of GN induced by the Poincare equatorial
trajectory of the incident light field are analyzed. Compare
the extinction spectrum curves in multiple situations and
select the 500 nm wavelength near the resonance peak of
515 nm, to conduct the subsequent research while keeping
the extinction cross section numerical values as equal as
possible.

A 500 nm wavelength plane wave was propagated
downward, perpendicular to the silicon substrate. Subse-
quently, we rotated the polarization direction angle in steps
of 18° from 0° to 180° relative to the positive direction. In
accordance with Figure 4, the scattering spectrum distribu-
tions of GN following acoustic—plasmonic coupling through
two perpendicular acoustic wave propagation directions
exhibit a sinusoidal pattern for half a period with the polar-
ization direction of the incident light field, reaching the
maximum values at 0° or 180°. When ultrasonic waves prop-
agate vertically (Figure 4, cases v.1 and v.2) and the incident
light is polarized along the Y-axis (with a polarization angle
0f 90°), the scattering spectrum is shifted more significantly
in the horizontal direction. However, when the polarization
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Figure 4: Influence of the acoustic-plasmonic coupling on the localized
surface plasmon resonance (LSPR) scattering spectrum of GN at peak
and valley values when subjected to ultrasound propagation along

the horizontal and vertical directions for the simulation.

direction is along the X-axis (i.e., with a polarization angle of
0°), the shift is smaller. It is also appropriate for horizontal
ultrasound (Figure 4, case h.2) provided that the polariza-
tion direction aligns with the X-axis (0° the polarization
angle). At this configuration, the maximum value of the
offset caused by horizontally propagating ultrasonic waves
can be achieved.

Two additional specific moments are selected to ini-
tiate the LSPR, and the outcomes exhibit nearly identical
results as those presented in Figure 4. Despite the minuscule
alteration in dielectric constant described in this paper, the
augmented effect of acoustic—plasmonic is more conspic-
uous when the acoustic wave’s propagation direction cor-
responds to the polarization state of the incoming incident
light field.

Figure 5 depicts a remarkable change in the electric
field vector diagrams of GN in the X—Z section due to various
ultrasound vibration conditions. This suggests the potential
use of ultrasound waves in modifying the optical response
of GN, resulting in the differences observed in the sino
parameter diagrams. The electric field distribution indicates
a noticeable change in the vector direction of gold particles
on GN.

Photon state parametric images of the sample, i.e., siné,
are available for retrieval (refer to Figure 6). As changes
are minimal, the light intensity profile curve is drawn
at the dipole region of GNs exhibiting strong scattering
(Figure 6(f)). There exists a four-tier scattering distribu-
tion, which consists of intense dipole scattering, mapped
red region in Figure 6(a), and feeble dipole scattering in
the blue region in Figure 6(a) surrounding GN. The scatter-
ing region initiates from the boundary of GN and spreads
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Figure 5: Electric fields distribution around the GN in the X-Z section
for the simulation. (a) and (b) Depict the simulated distribution of the
amplitude and the direction of the local electric field direction under case
h.0 and case h.2, respectively. The arrows in the selected region indicate
the electric field direction, and their lengths are an indication of the field
length. The lower panels represent the magnitude of the electric field

at the surface of the silicon substrate. (c) Shows the electric field
amplitude on the surface of the silicon substrate in selected regions.

outward. Under the coupling of the acoustic vibrations and
plasmonic resonance, the strong dipole scattering region
can either increase (c) or decrease (b), and correspondingly,
the areas of the weak scattering region in case h.2 are larger
than those of case h.0. These changes are more apparent
in diagrams (d) and (e). Figure 6(d) presents all negative
values, indicating that the intensity of siné in case h.2 is
lower than that in case h.0, while the (e) diagram displays
that there are positive and negative values, representing
that the scattering intensity in siné of case h.1 is slightly
increased in the central region compared to case h.0. Weber
contrast is employed to assess the contrast of the image. The
calculation formula for contrast [34] is WC = (I — 1) /I,,
where I and I, denote the intensity of the image and the
background, respectively. The contrast of the image for case
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Figure 6: Siné images for the simulation. (a)-(c): PIMI images (sind)
under the influence of case h.0 (a), case h.2 (b), and case h.1(c) for the
simulation. (d) The difference between (a) and (b) ((b) minus (a)),

(e): the difference between (a) and (c) ((c) minus (a)), and

(f): comparisons between (a) (b) and (c) along dashed white lines.
Scale bar: 100 nm.

h.0 is 0.944, whereas those for case h.1 and h.2 are 1.244
and 0.988, respectively. The photoelastic effect induced by
acoustic—plasmonic coupling has been found to effectively
enhance the contrasts of the images.

The experiment shows that ultra-weak spatial distri-
bution is present in the parameter images. Figures 7 and 8
highlight the strong coupling region, indicated by black
circles.

It has been discovered that the acoustic wave has min-
imal influence on the plasmon spatial scattering images for
both siné and ¢ images. When two kinds of sound waves
propagate in different directions, the polarization param-
eter images (sind) remain weak in term of weak spatial
characteristic images after acoustic—plasmon coupling. This
is evident from comparing the residual amount. Upon anal-
ysis of Figures 7 and 8, it is apparent that the enhance-
ment effect of ultrasonic waves in the horizontal direction
is more considerable compared to the vertical direction.
This observation confirms that the enhancement effect of
acoustic—plasmonic coupling is more pronounced when the
propagation direction of the acoustic wave is consistent
with the polarization state of the detection light field.
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Figure 7: PIMI images (sind and @) for the experiment. I.: Under the influence of ultrasound in the horizontal direction (case E.h.w),
IL.: without ultrasound (case E.h.n), IIL.: the difference between L. and IL., and IV.: the comparisons between L. and II. along dashed white lines.
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Figure 8: PIMI images (siné and @) for the experiment. .: Under the influence of ultrasound in the vertical direction (case E.v.w),
IL.: without ultrasound (case E.v.n), IIL.: the difference between I. and II., and IV.: the comparisons between I. and II. along dashed white lines.

The size of the image, diameter: 940 nm.

Different types of ultrasound waves have been pro-
duced in a sinusoidal form by variation of the frequency
and amplitude of the PZT for the experiment. These results
demonstrate that the scattering pattern under the influence
of acoustic waves of GN differs compared to that under

the electromagnetic fields alone. Additionally, the siné dia-
grams are slightly enhanced under the influence of ultra-
sound waves, whether under the influence of horizontal
or vertical ultrasound waves. But unfortunately, the obvi-
ous regular patterns have not yet found from the existing
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experiments that have been performed. The possible rea-
sons we judge are that, in the experiments, continuous
sinusoidal signals are applied to the PZT, which generates
continuous sound waves.

To confirm the sensitivity tracking of ultrasonic sources
in siné images, the regions at both ends of the image over
a field of view (FOV) of 53 pm X 63.3 um are selected, as
illustrated in Figure 9. The calculated displacement of the
particles in Figure 9 is less than 2.3 nm. In consideration
that the GN may not be at the same height during preparing
the sample, three and two separate particles are selected
in region A and region B, respectively. Figure 9(b) and
(c) provide additional evidence that ultrasound vibrations
enhance the contrast of siné images. The maximum value,
minimum value, and peak-to-peak value of five individual
GNs are extracted in Table 1 and 2. After calculation, the
mean value of peak-to-peak values of the three particles was
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Figure 9: PIMI images (siné) for the experiment. (a) PIMI images (sind)
obtained by using a 100X objective lens under bright field illumination
under the influence of ultrasound in the horizontal direction.

The right-hand sides display the magnified outcomes of the left square
regions in order. (b) and (c) PIMI images (sino) for five individual GN in
(a) respectively, from top to bottom: under the influence of ultrasound
(case E.h.w), and the second row is without ultrasound (case E.h.n).

Table 1: Comparison of siné images of nanoparticles in different
positions under the influence of ultrasound in the horizontal direction
for the experiment.

AQ® A® A® B® B®
Peak-to-peak 0.0944 0.0684 0.0827 0.0882 0.0772
Average 0.08183 0.0827

DE GRUYTER

Table 2: Comparison of siné images of nanoparticles in different
positions without ultrasound for the experiment.

AD A® A® B® B®
Peak-to-peak 0.0671 0.0503 0.0749 0.0585 0.055
Average 0.0641 0.05675

Table 3: Comparison of siné images under different states for the
simulation.

Case h.0 Case h.2 Case m.2 Case v.2

Peak-to-peak 0.7059 0.7134 0.7149 0.7269

found to be 0.08183 in area A and 0.0827 in area B. It can
be inferred that it is possible to differentiate the scattering
field distribution of GN with differing distances from the
sound source in this FOV. The focal region of interest in
the experiment is positioned 10 mm distant from the sound
source, indicating an included angle of about 0.34° between
the nanoparticles and the sound source. This makes it fea-
sible to differentiate the position of the sound source based
on scattering diagrams of the nanoparticles.

The sensitivity of sound sources of scattering distribu-
tion of GN is illustrated by simulation. Based on the model
in Figure 2(a), the GN is moved 7.5 pm in the positive Y
direction (case m), resulting in an angle of 0.34° between
the GN and the sound source. The comparison results are
statistically listed in Table 3. Following the above discus-
sion, the trend in curve changes at valley value (case *.2)
aligns with the expectations. Hence, we compare the results
at valley value across three propagation directions. The
scattering siné diagrams exhibit sensitivity toward sound
sources. When the propagation direction of a sound wave
is consistent with the polarization direction of the incident
light field, the peak-to-peak value of the image is at its
minimum of 0.7134. With the polarization direction of the
sound wave and the incident light field increasing, the peak-
to-peak value also increases to 0.7149. The maximum peak-
to-peak value of 0.7269 is reached when the sound wave is
perpendicular to the polarization direction of the incident
light field.

4 Conclusions

In conclusion, we investigate the spatial characteristics of
scattering photons from individual nanoparticles under
the influence of acoustic—plasmonic coupling, utilizing
the polarization parametric visualization of the plasmonic
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scattering. The relations between the ultrasonic field and
polarized excitation field along the equatorial track on
the Poincare sphere are described qualitatively. Ultraweak
acoustic—plasmonic effect in nanostructures was extracted
from the spatial pattern of parametric imaged and even
weaker directivity influence from different ultrasonic
sources was extracted from the plasmonic scattering.

Due to the limited response of the siné scattering dia-
grams to sound waves in various propagation directions, it
has been challenging to quantify the positional information
of the sound source. We hope that future advancements will
enable the extraction of sound wave propagation directions
based on GNs positioned at defined locations on the silicon
substrate, allowing for the accurate localization of the sound
source.

Parametric siné images reveal sensitivity to the local
plasmonic scattering field with acoustic—plasmonic cou-
pling. In addition, the enhancement effect of acous-
tic—plasmonic coupling becomes more apparent when
the propagation direction of the acoustic wave is consis-
tent with the polarization direction of the incident light
field. The findings verify that spatial scattering charac-
teristics of nanoparticles can be used as sensitive signa-
tures of ultraweak acoustic-coupling in individual nanos-
tructures. They also open opportunities for investigating
acoustic—plasmonic phenomena of nanostructures in a new
dimension instead of widely exploited scattering spectra,
which implies a practical and efficient sensing technique in
various new applications of nano acoustic structures and
devices based on acoustic—plasmonic phenomena.
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