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urface plasmon excitations in metallic

nanostructures are responsible for

many fascinating optical phenomena
such as surface-enhanced Raman scatter-
ing,' photoluminescence®® and fluoresc-
ence®® amplification, extraordinary trans-
mission,®” and superlensing effects.??
Localized surface plasmon modes in either
individual nanoparticles, particle dimers, or
clusters are of particular interest because
their optical properties can be readily de-
signed and easily controlled over a wide
spectral range. This can be achieved by
tailoring particle shape and size'® and the
intra- and interparticle distances'' "'’ on
the nanoscale. Lately, it has been demon-
strated that the exploitation of Fano
resonances'® in simple nanoparticle com-
pounds makes the opening of a narrow
frequency window possible, in which the
interaction of these structures with radia-
tion is strongly inhibited.'®?° On the other
hand, more recent theoretical studies have
predicted that metal nanostructures with
geometric singularities show a broad-band
behavior, collecting and concentrating
light efficiently over the whole visible
regime.?' %

Localized plasmon resonances are highly
sensitive to their surrounding environment,
which makes them very suitable for biosen-
sing purposes.® Thus, the nearby presence
of a thin conducting film, for instance,
modifies strongly the optical response of
metal nanoparticles?® During the past
decade, many theoretical?” >° and experi-
mental®' 3¢ works have been devoted to
the analysis of plasmon coupling in parti-
cle—film geometries. These studies were
inspired by the analogy between this pro-
blem and the strong interaction of fluores-
cent molecules with neighboring metal
surfaces.>’” Two elegant theoretical tools
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Polarization-controlled excitation of plasmonic modes in nanometric Au particle-on-film gaps

is investigated experimentally using single-particle dark-field spectroscopy. Two distinct

geometries are explored: nanospheres on top of and inserted in a thin gold film. Numerical

simulations reveal that the three resonances arising in the scattering spectra measured for

particles on top of a film originate from highly confined gap modes at the interface. These

modes feature different azimuthal characteristics, which are consistent with recent theoretical

transformation optics studies. On the other hand, the scattering maxima of embedded

particles are linked to dipolar modes having different orientations and damping rates. Finally,

the radiation properties of the particle—film gap modes are studied through the mapping of

the scattered power within different solid angle ranges.
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have provided physical insights into the
occurrence of plasmonic effects in these
systems: plasmon hybridization?” and trans-
formation optics.>® From the experimental
side, surface-plasmon-assisted dipole—
dipole interactions taking place between
individual nanoparticles and metal surfaces
have been thoroughly investigated,3'>2
and great efforts have been made to mea-
sure the effect of the particle—film separa-
tion on the spectral position of plasmon
resonances.>>*°~*" However, there is very
little knowledge about the transition of
these plasmonic modes with the excitation
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Figure 1. Schematics of the polarized side-illumination dark-field setup (a), and the simulation model (b) mimicking
the experimental conditions. (c) SEM image of a dislodged Au nanoparticle and its corresponding hole. Oblique (d,f) and
top (e,g) view SEM images for nanospheres of 230 nm (d,e) and 380 nm (f,g) diameter. Note the flat intersection region

(shadow area) in (f).

polarization®® or their directional radiation properties.

The optical response of nanoparticles inserted into a
metal film is qualitatively different from their gapped
counterparts. Before contact, the system of sphere and
surface has no geometric singularities. However, if the
sphere touches or intersects the surface, singularities
emerge and the spectrum of plasmonic excitations is
continuous and broad-band rather than discrete.'>**
Although this geometry has been theoretically studied
in the context of surface-enhanced Raman scatter-
ing,**~** very few experimental realizations of such
nanostructures have been made so far. Moreover,
partly embedded nanoparticles also serve as a defect,
coupling efficiently free space radiation to propagating
surface plasmons.**~*® Thus, such a geometry be-
comes an ideal scenario for the analysis of the direct
interaction between localized plasmon resonances
sustained by metal nanoparticles and the surface
plasmon polaritons supported by metallic films.

In this article, we demonstrate polarization-
controlled excitation of plasmonic modes in self-
assembled individual Au nanospheres on top of and
inserted into a thin gold film. Single-particle dark-field
spectra obtained from the former geometry feature
three different scattering peaks whose relative intensity
is strongly dependent on the incident polarization. Full-
wave numerical simulations reveal that these reso-
nances originate from tightly confined gap modes
having different azimuthal characteristics, which are
consistent with recent transformation optics studies.
Similar measurements on the latter structure show
two scattering maxima, which are linked to dipolar
plasmonic modes having distinct orientations with
respect to the film surface. Finally, in order to gain
further physical insights into these plasmonic gap
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modes, their radiation properties are also investigated
experimentally.

RESULTS AND DISCUSSION

The scattering measurements were carried out for
individual Au nanospheres using dark-field spectros-
copy with a polarization-adjustable white-light illumi-
nation at an incident angle 6 = 70° with respect to the
normal to the sample surface (see Figure 1a). Full-wave
electromagnetic simulations based on the finite ele-
ment method were performed for the experimental
sample geometries and at conditions similar to the
measurements. Figure 1b shows the simulation model
used to isolate the fields scattered by the nanoparticle.
This allows the integration of the power reirradiated by
the nanospheres at different direction angles, ¢, within
a solid angle range defined by the numerical aperture
of the microscope objective. The experimental Au
particles were grown via self-assembly on the sub-
strate film by depositing a thin layer (45 nm) of Au on
top of a rough seed layer of 45 nm vanadium dioxide.
The nanoparticles are either partially embedded into or
standing on top of the film, as shown by the scanning
electron microscopy (SEM) images in Figure 1c—g.
Note that standing particles were always found in the
vicinity of a hole in the film, as illustrated in panel c. This
indicates that they were originated by the dislodge-
ment of embedded nanoparticles, like the one dis-
played in panel f. The mechanisms leading to the
formation of the extremely smooth nanospheres stu-
died here are still under investigation, but they are
likely to be related to the film agglomeration caused by
the surface tension***° between the seed and gold
layers.

Figure 2a renders the scattering spectra measured
from a standing nanosphere under different polarizations,
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Figure 2. (a) Measured scattering spectra for a 155 nm
diameter Au sphere standing on top of the Au film. (b)
Simulated scattering cross sections for a 200 nm diameter
Au sphere placed 2 nm above the Au film. Spectra in both
panels and true-color dark-field images in the middle were
obtained under different incident polarizations. The inset of
panel b plots the absorption cross section of the same
structure for 0 and 90° polarizations.

along with true-color dark-field images taken from the
structure at different incident polarizations. As seen
from the figure, a 155 nm diameter standing particle
presents three scattering maxima within the frequency
range under study. The height of the most intense
(central) peak decreases when the incident plane wave
is varied from p-polarization (90°, electric field in the plane
of incidence) to s-polarization (0°, electric field parallel to
the film surface). Note that the scattering amplitude of the
two side peaks is also strongly dependent on the incom-
ing polarization: the lower (larger) wavelength scattering
maximum is more efficiently excited by s (p)-polarized
light. These features are well reproduced by the numerical
calculations displayed in Figure 2b. In accordance with the
experimental values, the nanosphere diameter and film
thickness in the simulations are set to 200 and 50 nm,
respectively. The particle—film separation was adjusted
to optimize the comparison with measured spectra.
An excellent agreement between simulations and ex-
periments is obtained for 2 nm separation (50 nm
penetration) in the standing (embedded) configuration.
The need for the inclusion of a small separation in the
model for the standing geometry seems to indicate the
presence of a nanoparticle—film gap in the experimental
sample. The formation of this gap can be linked to the
roughness of the Au film (see Figure 1), which prevents
full contact between particle and substrate. Note that the
discrepancy between the simulated and measured scat-
tering intensities for the two side peaks can be linked to
the different size of the theoretical (200 nm diameter) and
experimental (155 nm diameter) nanoparticles.

Figure 3 presents the measured (a) and simulated (b)
scattering spectra for the second geometry: a 218 nm
diameter sphere partly embedded into the Au film.
Both panels show the spectral transition from a broad
long wavelength to a narrow short wavelength reso-
nance as the incident polarization is varied from 90
to 0°. The different line width featured by these two
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Figure 3. Measured (a) and simulated (b) scattering spectra
and dark-field images (in the middle) for a Au sphere
(218 nm diameter in experiment and 200 nm in simulation)
partly embedded into the Au film. In both panels, spectra
obtained under different incident polarizations are shown.

resonances is linked to their distinct dipole moment
strength and, hence, radiation damping rate. The
dipolar character of these two resonances is discussed
in detail below. Under 0° excitation (s-polarization), the
dipole moment induced in the nanosphere is oriented
parallel to the film surface. Charge transfer effects in
such configuration are strongly inhibited, and the
particle—film interaction is expected to be weak. This
explains the narrow line width of this scattering peak,
which resembles the sharp character of dipole reso-
nances in isolated nanoparticles. On the other hand,
90° illumination (p-polarization) gives rise to a dipole
moment normal to the film surface in the nanosphere.
The formation of this resonance involves not only
induced charges at the nanoparticle but also the sea
of conduction electrons at the film substrate. This fact
leads to a larger dipole strength and faster radiation
damping rate. This explains why the long wavelength
maxima in Figure 3 are broader than their short
wavelength counterparts. Note that, contrary to simu-
lation results, the experimental long wavelength reso-
nance is not completely suppressed under s-polariza-
tion. This can be attributed to the presence of asym-
metries and defects at the particle—film intersection in
the experimental sample. These also explain the spec-
tral broadening of the measured resonances with
respect to the simulated ones, as the theoretical model
does not account for such geometric imperfections.
In order to further understand the plasmonic modes
responsible for the scattering peaks observed in the
experimental and simulated spectra, the electric field
distribution for the different particle—film resonances
extracted from simulations is displayed in Figure 4.
The modes are labeled following the notation in
Figure 2b and Figure 3b. The first three columns display
the electric field amplitude, |E| (top panels), and its z-
component, E, (bottom panels), for the 2 nm gap
geometry. The amplitude plots show that the electric
field is strongly localized at the gap of the structure
for these three resonances. Note that |E| for peak 1 (3)
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Figure 4. Total amplitude and dominant component of the electric field for the two systems under study. The electric field
plots are evaluated at the different resonances labeled in Figure 2b and Figure 3b. In the upper panels, bright (dark) areas
correspond to maximum (minimum) amplitude. In the lower panels, colors code the field component from negative (blue) to

positive (red) maximum values. Both color scales are linear.
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Figure 5. z-Component of the electric field evaluated along
the nanosphere surface for the three scattering resonances
sustained by the gapped geometry. The angle o is defined
as shown in the left inset. The right inset plots the
y-component of the electric field for the same conditions
as the main panel.

presents two lateral (vertical) lobes, which indicate the
parallel (normal) orientation of the dipolar plasmonic
mode excited in the nanoparticle at the short (long)
wavelength resonance. The field distribution for the
central peak (2) spreads over the lateral dimension,
which evidences the horizontal orientation of the
nanoparticle dipole moment in this case. However,
the lateral lobes for peak 2 extend into the gap,
showing the hybrid nature of the underlying plasmo-
nic mode. The complex field pattern featured by this
mode enables it to couple efficiently to any incoming
polarization, which explains the presence of the asso-
ciated peak in all of the spectra shown in Figure 2.
The E, panels for modes 1—3 in Figure 4 show that
each resonance presents a well-defined number of
field maxima at the particle—film gap. This is clearly
observed in Figure 5, which displays linear plots of
the z-component of the electric field as a function of
o (see inset for definition) along the nanosphere sur-
face. Whereas modes 2 and 3 exhibit a single field
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maximum at the gap, two maxima develop for the
shorter wavelength mode. Moreover, note that the
phase of E, at o = 0° for mode 1 is the opposite of
the other two modes. These observations, together
with the antisymmetric profile of the parallel electric
field shown in the inset of Figure 5, are in excellent
agreement with previous theoretical predictions on a
nanowire—plate geometry based on transformation
optics.®® This work demonstrates that each gap mode
has a different azimuthal angular momentum, charac-
terized by the number n of spatial periods covered
by the electric fields along the surface of the two-
dimensional particle. Transferring this picture to our
three-dimensional structure, we can conclude that
modes 2 and 3 in Figure 4 originate from gap modes
with n =1, whereas mode 1 is linked to an n = 2 angular
momentum.

Figure 2b and panels 1—3 of Figure 4 indicate that
care must be taken when relating the intensity of
scattering maxima with the excitation efficiency of
plasmonic resonances in the gapped structure. Note
that although the scattering spectra seem to indicate
that mode 2 is more efficiently excited than modes 1
and 3 under p-polarization, the absorption cross sec-
tions plotted in the inset of Figure 2b prove the
contrary. This apparent contradiction results from the
strong interaction between the nanoparticle localized
plasmon mode and the propagating surface plasmon
polaritons supported by the Au film at these two
resonances. The lower panels in Figure 4 demonstrate
that the resonating particle at modes 1 and 3 yields
strong E, gap fields. These intense normal electric fields
allow the nanosphere to couple efficiently the incom-
ing light to surface plasmon polaritons confined at the
Au film.*>*”8 These propagate away from the particle
within the substrate plane, decaying due to absorption
effects and experiencing very little radiation damping.
This clarifies why these two plasmon modes give rise to
strong absorption but weak scattering maxima for 90°
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Figure 6. (a) Measured scattering spectrum for the 155 nm
diameter sphere on top of the Au film when the collec-
tion position is varied along x-axis (see the definition in
Figure 1a). (b) Simulated scattering cross sections as a
function of the collection angle, ¢ (see the definition in
Figure 1b), for the 200 nm diameter on top of the Au film.
Both panels show results for 0° illumination. To highlight
the spectral evolution, an offset was added to the data in
both panels.

polarization. The spectra in the inset of Figure 2b also
support our description of modes 1 and 2 (3) as being
related to a strong dipole moment oriented parallel
(normal) to the substrate surface. Note that, for 0°
polarization, the former suffer strong absorption damp-
ing, whereas the latter is rather insensitive to it.

The last two columns in Figure 4 depict the electric
field distribution for the partly embedded nanosphere.
Both top and bottom panels show that strong dipole
moments with distinct orientations are induced in the
structure at resonance. In agreement with our previous
discussion, these panels demonstrate that mode 4 (5)
yields a strong lateral (vertical) induced dipole moment
at the nanoparticle. Note that whereas mode 4, which
is efficiently excited under s-polarization, leads to
intense E, fields, mode 5, which couples only to
p-polarized light, exhibits a strong E, component. This
offers a means to the flexible tuning of field localization
in this nanoparticle geometry through polarization.

Up to here, we have focused our attention on
analyzing the near-field features of the plasmonic
modes governing the scattering behavior of the two
nanostructures under study. In the following, we in-
vestigate their radiation properties through the direc-
tional probing of the scattered fields. In the experi-
ment, this is achieved by displacing the microscope
objective along the sample (within the plane of
incidence), as shown in Figure 1a. In the simulations,
this is equivalent to rotating the plane of integration for
the scattered Poynting vector, as illustrated in
Figure 1b. Figure 6a plots the measured scattering
spectra at different positions along the x-direction
when the nanoparticle is illuminated with s-polarized
light. Note that mode 1 is only detectable when the
optical axis of the microscope objective is placed very
close to the particle center (0 nm). This differs from the
simulated spectra plotted in Figure 6b, where the
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Figure 7. (a) Same measurements and simulations as Fig-
ure 6 were performed for the same structures under 90°
illumination.

scattering cross section shows little dependence on
the collection angle ¢. This difference is due to the
small size of the Airy disk®® of scattered light at short
wavelengths, which leads to a significant reduction in
the measured scattered signal when the microscope is
displaced from the particle position. In contrast, mode
2 yields similar intensity peaks for all positions, which is
in a good agreement with calculations in Figure 6b. The
insensitivity of the scattered power measured from
mode 2 to variations in the detector position originates
from the strong dipole moment induced in the particle
along y-direction (normal to the plane of incidence) for
this resonance. The far-field radiation pattern for such
an electric dipole moment features a doughnut-like
radiation pattern around the y-direction, yielding equal
radiation power along the positive and negative x-axis.

A richer physics is revealed by the evolution of the
scattering spectra under p-polarized light. Figure 7
renders the measured and simulated scattering spec-
tra for this case. The intensity of peak 2 decreases when
the microscope objective optical axis is displaced away
from the particle center in the experiment and when
the integration plane is rotated to large ¢ in the
simulation. This demonstrates that the scattered radia-
tion for this plasmonic mode concentrates along the
vertical direction. On the other hand, peak 3 features
the opposite dependence on the detection position,
showing an increase of the scattered signal for further
measurements and calculations. This trend has been
already observed in similar geometries*>*' and can be
interpreted as a consequence of the vertical dipolar
character of the underlying plasmonic mode. The
radiation profile emerging from such a dipole moment
presents a toroid-like shape around the z-axis. This
results in a weak radiation power along the vertical
direction which, in turn, increases as the collection
direction deviates from the vertical.

CONCLUSION

To conclude, complex plasmonic modes in indivi-
dual nanospheres interacting with a metal film have
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been investigated by single-particle dark-field spec-
troscopy and numerical simulations reproducing the
experimental conditions. The origin of the scattering
peaks found in measurements and calculations has
been revealed by the electric field distributions calcu-
lated at resonance. The gapped particle—film geo-
metry supports several gap modes, which can be
associated with a well-defined azimuthal angular mo-
mentum. Two localized plasmonic modes have been

METHODS

The sample was fabricated on an ITO-covered glass sub-
strate by means of (i) pulsed-laser ablation of a vanadium metal
target (PLD: 1 = 248 nm, 25 ns pulse duration, 3.84 J/cm?
fluence, 10 Hz repetition rate, and 10 mTorr of O, gas) to
render an amorphous, substoichiometric vanadium dioxide
(45 nm VO,_;; nominal thickness); (ii) thermal annealing
(450 °C, O, gas at 250 mTorr for 40 min) to render the VO,
film crystalline and stoichiometric; (iii) electron-beam evapora-
tion of gold pellets at a rate of 0.5 A/s, providing a Au film
of 45 nm nominal thickness, as monitored by a quartz cry-
stal microbalance. Focused ion-beam milling technique was
used to mark the nanoparticles for subsequent spectroscopic
measurements.

In the dark-field microscopy setup, the sample was illumi-
nated by a polarized white light from a halogen bulb. A 50x, NA
0.55, IR-corrected microscope objective was used to collect the
scattered light. For our numerical calculations, we used COM-
SOL Multiphysics, a commercial code implementing the finite
element method in the frequency domain. In order to study the
scattering properties of the gold nanospheres, we model the
illumination as the incident plane wave plus the Fresnel waves
reflected by the bare substrate. This way, the field components
scattered by the nanoparticle itself were isolated from the
contribution coming from the gold film.*’
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