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ABSTRACT
Unidirectional light scattering of plasmonic nanoantennas extends toward various nanophotonic applications, such as optical routers, molec-
ular sensors, and light-driven actuators. The controllability of the direction of scattered light is crucial for those applications. So far, the large
controllability enabling the reversal of the scattering direction has been achieved by tuning the wavelength and polarization of the incident
light. Asymmetric dielectric nanostructures can also induce either unidirectional or bidirectional light scattering. However, such control
methods relying on the incident light parameters and previous architecture limit the practical applicability of unidirectional light scattering,
especially in sensing applications. Here, we propose and demonstrate a new hybrid architecture to control and reverse the unidirectional
light scattering with respect to the ambient conditions through the integration of paired gold plasmonic nanorods and asymmetric dielectric
shield. The dielectric shields selectively make certain nanorod less influential to the surrounding refractive index change, which results in
the substantial controllability of direction of the scattered light with respect to the surrounding medium. Fourier imaging of the scattered
light experimentally reveals the reversal of the scattering direction over a broad wavelength range. Numerical simulations reproduce the
spectral response and directional scattering for various surrounding media, demonstrating a wide dynamic range and high sensitivity for
the ambient refractive indices. These findings suggest that the nanoantenna can detect local molecular adsorption, leading to a compact and
tunable platform for ambient-dependent optical devices with potential applications in nanophotonic sensing, reconfigurable photonics, and
environment-adaptive light-driven nanomotors.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0297764

I. INTRODUCTION

Metal nanoparticles exhibit localized surface plasmon reso-
nances, which substantially enhance the light–matter interaction
between incident photons and electrons in metals, even in sub-
wavelength spatial regions. This strong field localization over-
comes the spatial mismatches in photons and nanoscale materials
and enables us to pave the way for notable applications, espe-
cially in high-resolution sensing, imaging, and spectroscopy along
with the engineering of chemical reactions.1–5 Furthermore, the
local optical resonances modify the phases of scattered light and
radiative photons, making them to be unidirectional as an opti-
cal analog to Yagi-antenna.6–14 Directional light scattering has also
been demonstrated using asymmetric and high-refractive-index

dielectric nanostructures.15–17 The unidirectional light scattering of
nanoantennas extends various nanophotonic applications, includ-
ing optical routers,18–20 molecular sensors,7,21,22 and light-driven
actuators.23–25

The directionality of the nanoantennas arises from the phase
differences between adjacent plasmonic oscillators and their spatial
retardation. Therefore, the tuning of their relative phase provides
the controllability of the direction of the light scattering in lat-
eral. So far, the reversal and dynamic control of unidirectional light
scattering have been demonstrated with antisymmetric plasmonic
materials and geometries.18,21,25–27 Owing to the symmetry-broken
resonance pairs in the frequency and spatial domains, the relative
phases and the direction have been controlled by the wavelength and
polarization of the incident light.
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Molecular adsorption onto the plasmonic nanoantennas sig-
nificantly shifts the resonance frequency, which originates from the
strong interaction between molecules and nanoantennas.1,3,28,29 The
strong field enhancement allows the highly sensitive detection of
molecules at the single-molecule level.3 This frequency shift modifies
the directionality of the light scattering,7,21 in which the directional-
ity depends not only on the incident light but also on the ambient
conditions. Due to the susceptibility of the plasmonic resonances
to the adjacent environment and the phase sensitive scattering
mechanism, this ambient-dependent unidirectional light scattering
holds great potential for sensing applications with very small foot-
prints. To obtain higher sensitivity and wider dynamic range in
this scheme, the amount of phase shift is crucially important. How-
ever, the reported approach relying on the asymmetric catalytic
reaction of palladium and gold antenna is inherently limited due
to the broad linewidth, weak oscillator strength, and far detuned
plasmonic resonance of palladium.21,30 The steep spectral edges of
Fano resonances in the nanoantenna can enhance the absolute phase
shifts induced by molecular adsorption,31,32 but the narrow band-
width of such sharp resonances limits the operational wavelength
range. Small controllability of unidirectional light scattering con-
strains the sensing applications and moreover hinders the broad
expansion toward exotic nanophotonic devices and light-driven
nanomotors.

In this paper, we demonstrate universal architecture for
ambient-dependent unidirectional light scattering using paired gold
nanorods and antisymmetric dielectric shields. Because of the geo-
metric separation between the two nanorods, the dielectric shields
selectively make certain nanorods less influential to the ambient
condition while retaining their narrow linewidths and fine tun-
ability of the initial detuning. It results in substantial phase differ-
ences between the paired nanorods with respect to the surrounding

medium. In fact, we, for the first time, observed the reversal of uni-
directional light scattering by changing the ambient environment
from air to water. The maximum change in intensity ratio exceeded
a factor of eight representing the high sensitivity and wide dynamic
range using this architecture. The reversal wavelength of the inci-
dent light was exhibited over the spectral range of the gold nanorods.
The measured light scattering patterns agreed with our numerical
analyses and spectra in experiments. This metal–dielectric hybrid
nanoantenna enables unidirectional light scattering depending on
the density and temperature of the surrounding gas and solvent,
which leads to the ambient-dependent self-regulating light-driven
actuators.

II. RESULTS
Figure 1(a) schematically shows the optical responses and uni-

directional light scattering from the plasmonic nanoantennas in this
study. The nanoantennas consist of paired gold nanorods arranged
laterally, with distinct geometries designed to support two optical
resonances at different frequencies. The total scattered light of the
nanoantenna is the sum of the scattering contributions from the two
nanorods. By designing the lateral separation of the paired nanorods
to induce a phase retardance of π/2, constructive interference is
achieved on one side and destructive interference on the opposite
side, resulting in unidirectional side scattering. The intensity ratio of
laterally scattered light in the two opposing directions is maximized
when the frequency of the incident light is tuned to the midpoint
between the two resonances.

The resonance wavelengths of the plasmonic nanoantennas are
inherently highly sensitive to the surrounding medium, including
ambient gases and solvents. For instance, if water is applied, the
two resonances move to longer wavelength due to the increase in

FIG. 1. Schematic images of the optical responses and unidirectional light scattering of a plasmonic nanoantenna in air (a) and water (b), and of a nanoantenna with an
asymmetric dielectric shield in air (c) and water (d). The red (blue) curves represent the intensities and phases of the scattered light from the shorter (longer) nanorods.
λin and Δϕ indicate the incident laser wavelengths and relative phases of the scattered light from the two nanorods, respectively.
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FIG. 2. Schematic (a) and SEM (b) images of the nanoantenna with the asymmetric
dielectric shield. (c) A SEM image of the arrayed nanoantennas.

surrounding refractive index, as shown in Fig. 1(b). In this case, opti-
mal wavelength for directional light scattering shifts accordingly, but
the overall scattering direction does not change. In contrast, intro-
ducing an asymmetric dielectric shield, as schematically illustrated
in Fig. 1(c), selectively makes one nanorod less influential to the
surrounding condition. This asymmetry should substantially mod-
ify the relative phase between the scattered fields of the two nanorods
and reverse the constructive and destructive interference when one
resonance crosses the other, as shown in Fig. 1(d). As a result, the
direction of light scattering can reverse depending on the ambient
medium when asymmetric shielding is applied.

Figures 2(a) and 2(b) show the schematic illustration and scan-
ning electron microscope (SEM) image of the plasmonic nanoan-
tenna with the asymmetric dielectric shield. We used gold as the
plasmonic nanoantenna material owing to its long-term stability
and Al2O3 as the dielectric shield because of its high transparency
of light. Our device architecture can also be applied to other plas-
monic nanoantenna materials and transparent dielectric shields for
a wide range of practical applications. For instance, silver offers
advantages for operation in the visible spectral range. Paired gold
nanorods were fabricated on a glass substrate with electron beam
lithography (EBL) and metal deposition (supplementary material).
We used 5-nm-chromium as an adhesion layer for gold, which may
increase the optical absorption and linewidth. The optical absorp-
tion can be suppressed by employing a thinner adhesion layer.
The width, height, and distance of the two nanorods were 60, 50,
350 nm, respectively, while the lengths were 130 and 110 nm,
which were extracted from the SEM image without the dielec-
tric shield (supplementary material), respectively. The distance of
350 nm induced the phase retardation of 0.78 π along the scattered
angles. This retardation exceeding 0.5 π was designed to obtain high
and reversible directionality of the scattered light (supplementary
material). The shorter nanorods were selectively coated with
amorphous Al2O3, whose width and height were 150 and 70 nm,
respectively, with pulse laser deposition. The deposited Al2O3 was
optically transparent in relevant wavelength range. Because the

shorter nanorods were fully embedded in Al2O3 and the glass sub-
strate, their resonance frequencies should be less affected by the
change in the ambient refractive index, while the longer nanorods
should exhibit the resonance shifts in response to the surrounding
medium. To ensure sufficient scattering intensity, the nanoantennas
were arranged into square arrays, as shown in Fig. 2(c). The peri-
odicities in the x- and y-directions were 900 and 400 nm, resulting
in diffraction angles of 35.8○ for x-direction while the laser was not
diffracted in y-direction at a wavelength of 800 nm.

We investigated the optical responses of the nanoantennas
under different ambient conditions by extinction spectra taken with
a micro spectroscopic system. A broadband white-light source,
whose wavelength covered from 650 to 1000 nm, was focused onto
the nanoantennas through an objective lens with a numerical aper-
ture (NA) of 0.3. The transmitted light was corrected with an
oil-immersion lens (NA = 1.49) and analyzed with a spectrometer.
To maximize the signal to noise ratio, the incident light was linearly
polarized to the nanoantennas. All extinction spectra were normal-
ized by the reference spectra taken at the substrate regions without
nanoantennas (supplementary material).

Figure 3(a) shows the extinction spectra of the nanoantennas
without dielectric shields. The black curve corresponds to measure-
ments in the air, while the red curve was obtained with a water
droplet applied to the sample. Each spectrum was composed of
two peaks corresponding to the resonances of the long and short
nanorods. Therefore, the overall linewidth of the nanoantenna spec-
trum arises from the individual linewidths of each rod and the
frequency separation between their resonances. The full-width-half-
maximum (FWHM) of the peak taken in air and those in water
were 106 and 100 nm, respectively. The water droplet increased the
local refractive index, causing both resonance peaks to shift to longer
wavelengths. Because the amounts of shifts were similar for both
nanorods, the overall spectral linewidth almost remained across the
two ambient conditions. In contrast, as shown in Fig. 3(b), in the
case of shielded nanoantennas, the resonance wavelengths of the
shielded nanorods remained nearly unaffected by the water droplet,
whereas the resonances of the other nanorods exhibited a shift. This
differential response led to a significant change in the wavelength
separation between the two resonances, represented by the decrease
in the overall spectral linewidth from 140 to 90 nm. It indicates that
the relative phase and directionality of the scattered light from the
shielded nanoantenna were drastically changed depending on the
ambient medium.

The unidirectional light scattering of the nanoantennas was
investigated with a linearly polarized continuous-wave Ti: sapphire
laser. The laser was focused on and collected with the same objec-
tive lenses for the spectrum measurements. The angular distribution
of the scattered light was imaged at the back focal plane of the
collection objective using a charge-coupled device (CCD) camera.
To suppress the directly transmitted laser beam, an opaque stop-
per was placed, blocking light with numerical aperture (NA) less
than 0.3. The incident laser angle was aligned to be equally scat-
tered along ±1st-order diffraction of the symmetric single nanorod
array, which confirmed that the laser was introduced vertically on
the nanoantennas (supplementary material).

Figure 3(c) shows the Fourier images of the scattered light
of unshielded nanoantennas at an incident wavelength of 780 nm
with and without the water droplet. Bright spots in the images
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FIG. 3. Extinction spectra of the unshielded (a) and shielded (b) nanoantennas in air (black) and with water droplet (red). CCD images of the scattered light along ±1st-
order diffraction of the unshielded (c) and shielded (d) arrayed nanoantennas with and without water droplets. The incident laser wavelength was 780 nm (800 nm) for the
unshielded (shielded) nanoantenna. Wavelength dependence of directivity of the unshielded (e) and shielded (f) arrayed nanoantennas with and without water droplets.

correspond to the ±1st-order diffraction, determined by the
periodicity of the nanoantenna array. Due to the interferences
between the two nanorods, the scattered light was dominantly
directed along the +1st-order diffraction. The scattering direction
remained unchanged between air and water environments, indicat-
ing that the sign of the relative phase between the nanorods was
preserved under both conditions. We evaluated directivity, defined
as 10 log10(I+1/I−1) [dB], where I±1 denote the integrated intensi-
ties of the scattered light in the ± 1st-order diffraction directions.
Figure 3(e) shows the wavelength dependence of the directivity
for the unshielded nanoantennas. The wavelength for the maxi-
mum directivity shifted with the water droplet, which agreed with
the resonance shift observed in the spectra [Fig. 3(a)]. However,
the sign of the directivity did not invert over the measured spec-
tral range. In contrast, the nanoantennas with asymmetric dielectric
shields exhibited pronounced changes in scattering behavior under
different ambient conditions. As shown in Fig. 3(d), the direction
of the scattered light at 800 nm reversed depending on the environ-
ment. The scattering was directed along the −1st-order in the air
and switched to the +1st-order in the presence of the water droplet.
This reversal persisted over a broad wavelength range, as shown in
Fig. 3(f), with directivity exceeding 8.0 from 780 to 830 nm. This
broadband reversal, enabled by the asymmetric dielectric shielding,
offers significant advantages for sensing applications and broadband
optical routing.

III. DISCUSSION
We numerically investigated the optical responses and uni-

directional light scattering of the fabricated nanoantenna with
an asymmetric dielectric shield using the finite element method
(COMSOL Multiphysics). The refractive indices of the dielectric
shield, water, and air were set to 1.45, 1.33, and 1.00, respectively.
Figures 4(a)–4(c) show the simulated extinction spectra, the spatial

distribution of scattered light intensity in the x–z plane at a wave-
length of 840 nm, and the wavelength dependence of the direc-
tivity, with and without a water droplet. We also calculated those
of unshielded nanoantenna (supplementary material). The exper-
imental results were well reproduced by these numerical simu-
lations, verifying the validity and applicability of the numerical
model. We further calculated the directivity of the nanoanten-
nas at a laser wavelength of 840 nm with and without dielectric
shields as a function of the ambient refractive index ranging from
1.00 to 1.35, as shown in Fig. 4(d). The shielded nanoantenna
exhibits a broader linear response regime to the ambient refrac-
tive index compared to the unshielded nanoantenna, providing an
extended dynamic range and enhanced sensitivity for sensing appli-
cations. For the shielded nanoantenna, we calculated the near-field
distribution (supplementary material) and evaluated the field leak-
age ratio for various shield widths, defined as the field amplitude
outside the shield normalized by the total field amplitude. The
field leakage makes the resonance of the shielded nanorod less sta-
ble against environmental changes. To evaluate the sensitivity to
local solvent volume, we simulated a gradual reduction of solvent
thickness around the nanoantenna and calculated the differential
directionality relative to that in air, as shown in Fig. 4(e). Owing
to the strong localized optical field of the plasmonic nanoantenna,
80% of the intensity ratio was maintained even when the solvent
thickness was reduced to 80 nm. These results indicate that the local
molecular adsorption onto the antenna surface can be detected via
directional light scattering.

Finally, let us discuss the optical recoil forces arising from uni-
directional side scattering by our nanoantenna. The nanoantenna
experiences a lateral optical force perpendicular to the incident light
momentum and this force changes depending on the surrounding
refractive index, as shown in Fig. 4(f). It should be noted that not
only the magnitude but also the direction of the lateral force can
be controlled according to the surrounding refractive index. The
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FIG. 4. (a) Numerically calculated extinction spectra. (b) Scattering intensity distributions at a wavelength of 840 nm in X–Y and X–Z planes. (c) Wavelength dependence of
directivity. (d) Refractive index dependences of directivity of the nanoantenna with (blue circles) and without dielectric shield (green circles). The red lines indicate the fitted
curves within the linear response regimes. (e) Differential directivity as a function of water layer thickness. The inset shows a schematic image of the simulation model. (f)
Lateral optical force as a function of the surrounding refractive indices.

lateral forces exceeding ±70 fN μm2/mW obtained in media with
refractive indices of 1.0 and 1.3 are sufficient to enable operation
as optical nanomotors by overcoming the Brownian motion, as dis-
cussed in Ref. 24. Therefore, if similar refractive index changes can
be achieved through the molecular absorption on the antenna sur-
face, such ambient-dependent lateral forces would pave the way
for optical nanomotors capable of autonomously controlling their
motion in response to environmental changes. This capability holds
potential applications in microfluidic devices and microdrones for
drug delivery systems.23,33

IV. CONCLUSION
We demonstrated robust and versatile way for ambient-

dependent unidirectional light scattering using hybrid plasmonic
nanoantennas composed of gold nanorods and asymmetric dielec-
tric shields. The dielectric shields modulate the relative phase of
the scattered light from the paired nanorods with respect to the
surrounding refractive index, leading to control of the scattering
direction and moreover reversal over a wide wavelength range,
depending on the ambient conditions. The experimental results
were well reproduced by numerical analyses, which indicate the
potential application for molecular sensing and light-driven actua-
tors. The use of a low-loss adhesion layer can further improve the
environmental control of directivity. These results provide broad-
band, high-contrast, and reversible unidirectional light scattering
with a compact footprint, paving the way for advanced nanopho-
tonic sensing, integrated photonic systems, and exotic light-driven
actuators.

SUPPLEMENTARY MATERIAL

The supplementary material provides the additional numerical
analyses, materials, and methods including schematic images of the
experimental setups.
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