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Abstract: The nonlinear properties of hybrid metallic-dielectric systems are attracting great
interest due to their potential for the enhancement of frequency conversion processes at
nanoscale dimensions. In this work, we theoretically and experimentally address the
correlation between the near field distribution of hexagonal plasmonic necklaces of silver
nanoparticles formed on the surface of a LiNbOj3 crystal and the second harmonic generation
(SHG) produced by this nonlinear crystal in the vicinities of the necklaces. The spectral
response of the hexagonal necklaces does not depend on the polarization direction and is
characterized by two main modes, the absorptive high-energy mode located in the UV
spectral region and the lower energy mode, which is strongly radiant and extends from the
visible to the near infrared region. We show that the spatial distribution of the enhanced SHG
is consistent with the local field related to the low energy plasmon mode, which spectrally
overlaps the fundamental beam. The results are in agreement with the low absorption losses
of this mode and the two-photon character of the nonlinear process and provide deeper insight
in the connection between the linear and nonlinear optical properties of the hybrid plasmonic-
ferroelectric system. The study also highlights the potential of hexagonal necklaces as useful
plasmonic platforms for enhanced optical processes at the nanoscale.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

OCIS codes: (160.2260) Ferroelectrics; (160.4236) Nanomaterials; (160.3730) Lithium niobate; (250.5403)
Plasmonics; (190.4350) Nonlinear optics at surfaces; (160.1245) Artificially engineered materials.
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1. Introduction

Over the last few years, the study of plasmon enhanced nonlinear optical processes at the
nanoscale has been receiving significant attention due to their potential applications in a
diversity of disciplines such as molecular sensing, advanced spectroscopies or integrated
photon sources for optical circuits [1-5]. Most of these functionalities rely on the capability
of nonlinear frequency converters to operate in a broad spectral range (from the UV down to
the mid-infrared spectral region) with a controlled polarization state and high frequency
stability. While different designs have been used to exploit frequency conversion phenomena
at the nanoscale [6-12], the combination of plasmonic nanostructures with nonlinear
dielectric crystals has been scarcely addressed. However, the association of metallic
nanostructures supporting plasmonic modes with nonlinear crystals has shown to be a useful
route for boosting the nonlinear response at the nanoscale, i.e. at the vicinities of the metallic
nanostructures [13-19].

Among the nonlinear dielectric materials, ferroelectric domain structures stand out for
their exceptional properties for light generation and control. They have been successfully
used in optical parametric processes [20], phase control and all-optical polarization switching
[21], or in the development of novel light sources enabling the simultaneous generation of
multiple nonlinear processes [22, 23]. Ferroelectric domain patterns can also incorporate
optically active rare earth ions during their crystal growth, thus acting as self-frequency
conversion solid state lasers [24]. Further, in the last years, opposite-polarity ferroelectric
domains structures have been employed as templates on which different type of metallic
nanostructures can be assembled on their surface [25-27]. By means of domain selective
photo-reduction of silver cations we have shown the formation of plasmonic chains and
hexagonal necklaces of silver nanoparticles (NPs) on the domain boundary surfaces of
LiNbOs. Arrangements composed of 50 nm sized NPs separated a few nanometers can be
obtained by a fine control of the photo-deposition conditions. The small inter-particle
distances ensure a strong interaction among them, which gives rise to a broad plasmonic
resonance covering the UV-near infrared (NIR) spectral range [19, 27]. Indeed, the plasmonic
response provided by the hexagonal necklaces of silver NPs was recently exploited to
produce up to a 400-fold SHG enhancement in the near UV spectral region [19]. The
mechanism responsible for this intensification has been mainly related to the local field
enhancement of the fundamental beam, which participates with two photons in the SHG
process.

In this work, we evaluate the effect of wavelength and polarization on the near field
distribution of the hexagonal necklaces and how these features affect the experimental spatial
distribution of the enhanced SH signal generated by the LiNbO3 crystal at the vicinities of the
hexagonal metallic arrangements. On one side, we theoretically analyze the effect of
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increasing the number of particles on the far field extinction cross-section spectra of the
hexagons and evaluate the spectral convergence as well as the radiative and non-radiative
properties of the main collective plasmonic modes. We also study the influence of the
incoming polarization and demonstrate that the far field extinction spectrum does not vary
with the polarization direction, in agreement with the high symmetry of the hexagonal
necklaces. On the other hand, we provide a detailed picture of the near field response of the
hexagonal necklaces by analyzing the distribution of field enhancement at different
wavelengths and polarization configurations. The relevant near field profiles are then
compared with the spatial distribution of the SHG signal, and the role of the plasmon
enhanced excitation and/or emission wavelengths on boosting the SHG response is discussed.
Our analysis is relevant to determine the configuration of the electromagnetic fields generated
by hexagons of nanoparticles and thus, to manipulate and control the optical performance of
nonlinear nano-devices. The study constitute a necessary step to take advantage of (or to
implement) the optical performance of hexagonal necklaces at the nanoscale and provides
deeper insight in the connection between the linear and nonlinear optical properties of the
hybrid plasmonic-ferroelectric system.

2. Experimental methods
2.1 Fabrication of hexagonal necklaces of Ag NPs on LiNbO3 crystal

Ferroelectric domain patterns of hexagonal domains were fabricated in a LiNbO3 crystal by
direct electron beam irradiation using a Philips XL30 SFEG electron microscope driven by
Elphy Raith nanolithography software. For the photo-deposition of metallic nanoparticles, the
domain patterned ferroelectric crystal was polished up to optical grade and immersed into a
0.01M AgNO; solution. After illuminating the sample with above band gap UV radiation
during four minutes at 60°C, plasmonic necklaces of Ag NPs were formed on the hexagonal
domain boundary surfaces. The average size of the nearly spherical Ag NPs was about 50 nm
and the interspacing distance was close to 2 nm.

Counts
=
o

% 10 20 30 40 50 60 70 80 80 100
Diameter (nm)

Fig. 1. a) Representative SEM image of a square-like arrangement of hexagonal necklaces of
Ag NPs formed on the polar surface of a LiNbO; crystal. The scale bar is 10 um. b) High-
resolution SEM image showing a detail of one corner of the hexagonal necklace. The scale bar
corresponds to 500 nm. c) Histogram and distribution of the NPs diameter forming the
plasmonic necklaces.

Figure 1 shows a representative SEM image of a square-like arrangement of hexagonal
necklaces distributed on the polar surface of the LiNbO; crystal. A certain elongation of the
plasmonic hexagons along the Y crystallographic direction is observed, in agreement with the
shapes of the ferroelectric domains, which tend to grow preferably along the Y
crystallographic direction. Further details can be found in [19, 28]. To assess the quality of
the structure, Fig. 1(b) shows a more detailed view of one corner the hexagons. The size
distribution of the NPs forming the hexagonal necklaces is displayed in Fig. 1(c). As
observed, the NPs size range from around 35 to 75 nm with a maximum centered at around 50
nm. As previously reported for linear chains of NPs formed on the same substrate, mixing
spherical interacting NPs with different sizes results into plasmonic modes with resonances
located at intermediate wavelengths values [29].Therefore, the NPs necklaces can be well
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modeled by spheres with a size corresponding to the average size of the distribution, 50 nm in
our case.

2.2 Numerical calculations

To simulate the optical response of the hexagonal necklaces we use numerical calculations
based on the multiple multipole method (OpenMaXwell, openmax.ethz.ch). This method has
shown to be extremely efficient for modelling large clusters of spherical metallic NPs [30]. In
particular, each nanosphere forming the necklace was modelled by a multipole (maximum
order 5) placed at the centre of the sphere, similarly to the approach followed within the
generalized Mie theory [31]. Additional multipoles (of order 3) were placed close to the gaps
(at a distance of 2/3 along the centre-surface axis) to fully capture the strong NP interaction.
The calculations were carried out in air under plane wave illumination for different
polarization configurations of the incident light. We simulate perfect regular hexagons formed
by spherical Ag NPs with a diameter of 50 nm and separated by 2-nm gaps.

2.3 Optical characterization

The spatial distribution of the SHG was analyzed in confocal geometry by recording two-
dimensional spatial maps for different polarization configurations of the fundamental beam.
To that end a customized scanning confocal microscope (Olympus BX41) equipped with a
two-axis XY motorized platform (0.3 pum spatial resolution) was used. A femtosecond
Ti:sapphire laser (Spectra Physics Model 177-Series) tuned at 840 nm was used as a
fundamental beam. This beam was focused on the sample surface by using a 100x microscope
objective and the generated SHG signal was collected in backscattering geometry with the
same objective. The SHG signal was detected with a Peltier cooled Hamamatsu R636
photomultiplier. The incident pump power was kept below 1 mW. The experimental
extinction spectra were obtained in transmission geometry by using a double beam Lambda
1050 Perkin Elmer spectrophotometer.

3. Results and discussion

3.1 Plasmonic response of the hexagonal necklaces: far field and near field
distribution

To gain a better understanding of the collective plasmonic modes associated with the
hexagonal arrangements of interacting Ag NPs, we first evaluate the effect of the number of
particles on the extinction cross section spectra. Figure 2(a) shows the simulated extinction
spectra obtained for regular hexagonal necklaces with gradually increasing number of
particles per side (N varying from 6 to 54 NPs). For the sake of comparison, the spectra were
normalized to their maximum intensity. As seen, the spectra show a plasmonic resonance
located at the near UV spectral region (350-370 nm) whose overall position is practically
independent on the number of NPs forming the necklace. This resonance can be mainly
associated with chain collective transverse modes sustained by the sides of the hexagons,
which are spectrally located at similar spectral positions than that of isolated Ag NP and
exhibit a cross-section value that increases linearly with the number of particles in the
necklace side. A detailed inspection reveals the presence of two nearby peaks at around 350
and 370 nm, which have been previously assigned to a dipole (370 nm) and a quadrupole
resonance (350 nm) of the nanoparticle chains [32].
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Fig. 2. a) Evolution of the normalized far field extinction spectra calculated for regular
hexagonal necklaces of silver nanoparticles when the number of NP in the hexagon is
increased from 6 to 54 NPs. The spectra have been vertically shifted for the sake of
comparison. b) Absorption and scattering cross-section spectra of a hexagonal necklace
containing 54 NPs. The insets show the calculated near-field patterns of the in-plane
component normal to the horizontal side of the hexagon at 370 nm (upper panel) and 350 nm
(bottom panel) obtained for a plane wave polarized perpendicular to the horizontal hexagon
side and normal incidence.

As observed in Fig. 2(a) the spectra also exhibit an intense plasmonic resonance at lower
energy, which is related to the longitudinal collective plasmon of the necklace. As the number
of NPs in the necklaces is increased this resonance shifts to longer wavelengths until it stops
red shifting at around 530 nm, which occurs for hexagons formed by 54-60 NPs (around 10
NPs per side). This low energy resonance also displays a noticeable broadening when
increasing the number of particles due to the spectral overlap of several higher-order plasmon
resonances lying in the visible region, which are also red-shifted. Those higher-order plasmon
resonances are hybridized modes originating from the coupling of quadrupolar modes of the
individual spheres, which for the case where not all dipoles in the chain are parallel, also
appear at similar energies and further broaden the main peak in the spectra [32-35].

The overall behavior of the low energy mode is similar to the longitudinal collective mode
observed in linear chains of interacting NPs. As reported, this mode redshifted and broadened
as the number of particles was increased up to 10-15 NPs in which a saturation of its spectral
position was observed [32-39]. Additionally, the radiative and non-radiative character of the
plasmonic resonances is also analogous when comparing both systems, the necklace and the
linear chain. Figure 2(b) displays the absorption and scattering cross-section spectra
calculated for a large hexagon containing 54 NPs. The insets show the near-field patterns of
the in-plane component normal to the horizontal side of the hexagon at 370 nm (upper panel)
and 350 nm (bottom panel) obtained for a plane wave polarized normal to the hexagon side.
As shown in the patterns, the absorption losses at 350 nm are clearly higher than those at 370
nm (notice the loss of perfect metal character at 350 nm on the horizontal side of the
hexagon). The near field patterns illustrate the difference observed in the absorption spectra at
those wavelengths.

On the other hand, while the plasmonic mode at high energy exhibits a noticeable
absorption, the character of the lower energy mode is mainly radiative with scattering cross-
section values one order of magnitude larger than the absorption ones. These results are
analogous to those reported for linear chains [38] and indicate that the far field spectral
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response is dominated by the collective radiative mode, which extends from the visible down
to the near infrared region. The analogy with linear chains also helps to understand why the
saturated spectra are blue-shifted compared to those of intermediate hexagons. For small
hexagons, the mode shifts originate from the increasing number of NPs forming chains
parallel to the incident polarization, but also from the interaction between parallel chains (top
and bottom hexagon sides). For larger hexagons, the two sides are well separated and their
interaction is minimal, so that only the single-chain modes contribute to the spectra.
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Fig. 3. Top panel: Calculated extinction cross section spectrum for a linear chain composed of
10 NPs for an electric field oscillating parallel to the chain. Central panel: Extinction cross-
section spectrum calculated for a hexagonal necklace containing 54 NPs. Bottom panel:
experimental extinction spectrum of the fabricated necklaces composed by several hundred of
NPs. The shaded regions in red and blue colors denote the spectral ranges associated with the
fundamental and SHG regions involved in the frequency conversion processes.

Figure 3 shows the extinction cross-section spectrum calculated for a linear chain
composed by 15 NPs together with that of a plasmonic hexagon formed by 54 NPs. These
spectra are compared with the experimental one, which was obtained for an arrangement of
non-interacting hexagons formed by several hundreds of NPs (See Fig. 1). As observed, they
all show similar spectral features even if the total number of involved nanoparticles is
different. This relatively good correlation indicates that the spectral response of the hexagonal
arrangements formed by a large number of strongly interacting metallic NPs is governed by
the longitudinal linear chain plasmon mode associated with each side of the arrangement.
Additionally, the experimental result confirms the predicted calculated saturation position of
the mode, as observed from the similar spectral position of the maxima in the three spectra.
Figure 3 also illustrates the spectral regions of a fundamental beam and its corresponding
SHG that could simultaneously match the plasmonic response of the hexagonal necklaces. In
particular, a fundamental beam lying in the red shaded region would produce the excitation of
the long-wavelength radiative mode, while the corresponding SHG signal would excite the
plasmonic resonances lying in the UV-VIS spectral region (blue shaded region). We stress the
presence of a spectral shoulder in the near UV region, which correspond to the high energy
modes at around 350 nm in the numerically calculated spectrum. Here, let us recall that the
experimental extinction spectrum of the necklaces was obtained in transmission geometry
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after subtracting the contribution of the LiNbOj; crystal. Hence, the accuracy of the
experimental spectrum in the high energy region is limited, among others, by the increasing
values of the optical density below 400 nm due to the absorption edge of the LiNbO3 crystal,
which prevent a precise resolution of the peaks at around 350 nm.

a) b) High Energy modes (20)  €) Long Wavelength
350 nm 370 nm mode (w)
580 nm

LRI,

~

-~

iy

Extinction (nm?)

400 500 600 700 800
Wavelength (nm)

Fig. 4. a) Extinction cross section spectrum calculated for hexagons containing 6 NPs per side.
b) Near field distributions of the high-energy modes. The upper panels correspond to the
double peak structure located in the near UV spectral region (350 nm and 370 nm,
respectively). The bottom panels refer to the higher-order resonances at the blue spectral
regions. Namely, the spectral structure centered at around 425 nm and the side band peaking at
around 470 nm. The colored dots indicate the spectral positions at which the near field
distributions were computed. c) Near-field profile associated with the long-wavelength
plasmonic mode centered at around 580 nm. At this wavelength, the maximum field
enhancement at the gaps is around 100. The polarization of the incident light was parallel to
the horizontal axis in all cases.

Further physical insight into the behavior of the plasmonic modes supported by the
necklaces has been obtained by analyzing the near field distribution at the frequencies of the
different resonant peaks in the far field spectra. The calculations were performed in air for a
plane wave polarized parallel to the horizontal side of the hexagon (x axis). In this respect, we
would like note that though the maximum field enhancement value at the gaps between the
particles is around 100, the plots were saturated at 10 to better show the distribution of the
plasmonic mode. For illustrative purposes, Fig. 4 shows the results obtained for hexagons
containing 6 NPs per side. There, the near field distributions of the plasmonic modes related
to the relevant peaks in the corresponding cross-section spectrum [Fig. 4(a)] have been
depicted. As observed in Fig. 4(b), the field enhancement of the short-wavelength modes at
350 nm is less than that of the low energy mode. This high energy mode is mainly excited
around the individual nanoparticles of the sides which are not parallel to the polarization of
the incident plane wave, as expected from its transverse character. On the other hand, the field
intensity distribution computed at the blue spectral region (425 nm and 470 nm) displays a
more complex profile due to the excitation of high-order plasmonic modes as well as to the
merging of the chain like modes. The near field associated with the long-wavelength
plasmonic resonance is also shown [Fig. 4(c)]. As seen, this mode is characterized by a large
electric-field enhancement at the gaps between the NPs (in a factor of around 100).
Additionally, it displays a spatial distribution similar to that reported for curved chains, being
the effective plasmonic chain mode robustly preserved through the corners of the hexagon
[35, 36]. At this point, we would like to note that even when the field enhancement reported
here was obtained in the nanoparticle mid-plane, the obtained values are large enough to
ensure that the field enhancement enters the substrate. Indeed, similar near field
enhancements have been recently exploited in the design of plasmon assisted solid-state
nanolasers [40, 41] On the other hand, tuning the wavelength across the same plasmonic
mode does not produce a relevant variation of the near field distribution, but significant
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changes of the enhancement values. In our case, we have obtained the near field patterns at
the maximum of each spectral resonance.

3.2 Polarization dependence of the plasmonic coupling

We have also studied the extinction spectra and the near field profiles associated with the
long-wavelength plasmonic mode for different polarization configurations of the incident
light. Figure 5(a) displays the near field distribution in the vicinities of the hexagonal
necklaces for three different polarization configurations of the incident beam: parallel to the
horizontal side of the hexagon (8 = 0°), perpendicular to it (8 = 90°) and at an intermediate
angle (6 = 45°). The results show that the enhanced field distribution around the particles is
strongly dependent on the polarization direction of the incoming field. More specifically, the
intensity of the field in the gaps between the particles is maximum at those hexagon sides
parallel to the input polarization, which again agrees well with behavior of the longitudinal
mode sustained by linear chains. Indeed, rotating the input linear polarization results into a
spatial redistribution of the maximum/minimum coupling strength along the different
hexagon sides [see Fig. 5(a)].
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Fig. 5. a) Near field distribution associated with the dominant long-wavelength mode
calculated for different polarization orientations of the incoming electric field: 8 = 0°, 45° and
90°. The maximum field enhancement at the gaps is around 100. To better illustrate the details,
the plots were saturated at E/E, = 10. b) Far field extinction cross-section spectra calculated for
hexagons containing 54 NPs for three different polarization orientations of the incident plane
wave. The spectra have been vertically shifted for the sake of clarity.

On the other hand, as depicted in Fig. 5(b), the cross section spectra of the hexagons is
identical for the different orientations of the incoming electric field, i.e the optical features of
the extinction spectrum remain unaffected regardless the polarization direction of the incident
wave. This polarization insensitive behavior of the spectrum relies on the rotational symmetry
of the hexagons (quasi-circular character) and it is consistent with the fact that the plasmonic
mode is preserved through the corners in such a way that for every polarization the number of
particles participating in the effective chain remains the same [see Fig. 5(a)]. The results are
in agreement with previous works [42-44], and point out the potential of these high symmetry
plasmonic arrangements for enhanced optical processes. In particular, these arrangements
provide broadband plasmonic response to spectrally overlap the fundamental and SHG waves
involved in a frequency conversion process without restrictions on the polarization direction
of the incoming electric field. Moreover, the ability to manipulate the spatial distribution of
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the field enhancement by rotating the input linear polarization without affecting the far-field
spectral properties provides alternative pathways for a controlled directionality of the
enhanced optical processes at the nanoscale.

3.3 SHG imaging experiments

To experimentally probe the optical response of the plasmonic hexagons and their near field
features, we evaluate the SHG signal obtained at the immediacy of the metallic arrangements
for different polarization configurations by using spatially resolved SHG microscopy. Figure
6(a) shows a representative SEM image of the scanned area. The SHG images were obtained
by scanning the fundamental beam on the region of each hexagonal necklace, so that the
influence of possible collective interactions between the hexagons can be disregarded. The
fundamental wavelength was fixed at around 840 nm. At this wavelength there is still an
appreciable spectral overlap between the long-wavelength resonance and the fundamental
radiation. On the other side, the SHG at twice the energy of the fundamental beam (420 nm),
is resonant with the spectral shoulder in the blue spectral region of the extinction spectrum.
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Fig. 6. a) Representative SEM image showing several plasmonic necklaces organized on the
polar surface of a LiNbO; crystal. The inset displays the near field distribution of a single
hexagon computed for the collective long-wavelength plasmonic mode when the incoming
electric field was linearly polarized along one of the hexagon sides, 6 = 0°.b) SHG intensity
map recorded for a fundamental beam polarized parallel to a hexagon side (Opump = 0°). C)
Spatial distribution of the SHG intensity analyzed at Osyg = 0° and Ospyg = 90°. In both cases,
the polarization angle of the fundamental beam was 0pumy = 0°. The scale bar in panel b) and c)
is equal to 5 pm.

Figure 6(b), displays the unpolarized SHG intensity map obtained for a fundamental beam
linearly polarized with the electric field parallel to one of the hexagon sides (Opump = 0°). In
Fig. 6(c), we maintain the polarization of the pump beam at 6pymp = 0° (parallel to one of the
hexagon side) and analyze the polarization of the SHG signal at orthogonal angles Osng = 0°
and Osne = 90°. For both configurations, the SHG signal collected at the immediacy of the
metallic arrangements was notably enhanced with respect to that obtained from the bare
LiNbO3 crystal showing maximum enhancement values of around 10. The SHG intensity
profile depends on the hexagon side, being more intense from those sides parallel to the
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polarization of the fundamental beam. Indeed, we notice the good correlation between the
spatial distribution of the enhanced SHG and the calculated near field enhancement of the
long wavelength mode when the electric field is polarized parallel to the hexagon sides [see
inset in Fig. 6(a)]. Additionally, the results also shows that the SHG distribution intensity
does not exhibit significant changes when analyzing the SHG polarization for Osne = 0° and
Oshe = 90° [Fig. 6(c)]. Therefore, we can conclude that the enhanced SHG signal is mainly
governed by the field enhancement of the fundamental beam mediated by the long-
wavelength plasmonic mode. This long wavelength mode spectrally overlaps the fundamental
beam and it is responsible for the near field enhancement of the fundamental radiation and
therefore of the generated SH signal. In this sense, even though some nonlinear contribution
of the metallic nanoparticles to the overall SHG signal cannot be fully disregarded, our results
can be explained by taking into account the linear response of the necklaces, according to our
experimental and theoretical results. Indeed, the results are consistent with the two-photon
character of the nonlinear process, which involves a quadratic dependence on the near field
enhancement of the pump wavelength.

4. Summary and conclusions

To summarize, we have studied the influence of the polarization and wavelength on the
plasmonic response of hexagonal necklaces prepared by a very simple and cost-effective
photo-reduction method.

On the one hand, we have shown that the far-field spectral response of large metallic
closely resembles that encountered in circular assemblies in which the far field extinction
response remains invariant with the polarization state of the incoming light. Further, by
rotating the incoming linear polarization we show the possibility to control the spatial
distribution of the near-field enhancement sustained by the necklaces without affecting the far
field properties, which is of interest in applications involving the interaction of optical fields
at different spatial regions.

On the other hand, the potential of hexagonal necklaces for plasmon-enhanced optical
processes was further validated through the analysis of the SHG spatial distribution obtained
for different polarization configurations of the involved optical fields. By using spatially
resolved SHG microscopy we found that the near field components associated with the low
energy mode govern the spatial distribution of the enhanced SHG. Hence, it was possible to
identify the dominant mechanism of the SHG enhancement even though we were involving
the excitation of a set of plasmonic resonances that simultaneously match the pump and the
SHG signal (multimode matching). The results evidence the potential of hexagonal necklaces
of interacting NPs as useful platforms for SHG enhancement at the nanoscale in a broad
spectral range.
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