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ABSTRACT. Lithium niobate nanoparticles coated with a raspberry-like gold shell are
synthesized. The strong plasmon resonance coupling between gold nanoparticles in raspberry
nanostructures is expected to modify the surface and cavity optical fields and thus significantly
alter the second harmonic signal generated by the non-centrosymmetric crystalline core of lithium
niobate. Plasmonic properties of the core-shell nanoparticles are first modelled using the Discrete-
Dipole Approximation (DDA) method. The influence of the size and filling fraction of gold
nanoparticles on the extinction cross-section is correlated with the experimental responses.
Comparison at 800 nm of the first hyperpolarizability of individual gold nanoparticles, bare lithium
niobate cores and hybrid nanostructures demonstrates no enhancement. It reveals instead an
octupolar response in the polarization-resolved data consistent with a dominant surface
contribution of the raspberry-like gold shell. The wavelength-dependent second harmonic
emission of the hybrid nanostructures is finally determined in the 700-1300 nm excitation range
and a continuous increase that reaches a factor up to 20 is only evidenced at the longest excitation

wavelength of 1300 nm.

1. INTRODUCTION

Gold nano-raspberries with a rough surface are composed of a core material decorated with
closely-packed spherical gold nanoparticles (NPs). Due to the short distance between gold NPs,
their surface plasmon resonance can be coupled, leading to the broadening of their absorbance in
the near-infrared region,! a large scattering cross-section and enhanced surface and cavity
electromagnetic fields.> Specific functionalities are thus achieved with applications as Surface-
Enhanced Scattering (SERS) nanosensors® and photothermal therapeutic agents.* These rough

gold nanostructures are typically grown as surrounding shells onto a variety of core materials



including polymer,’ silica,® organic framework,® metal’ or magnetite.® Recently, hollow raspberry-
like gold NPs were also produced.®'?

Here, lithium niobate (LiNbO3, LN) was selected as the core material to grow a raspberry-like
gold shell. Due to its non-centrosymmetric crystalline structure, LN is a mixed-metal oxide
exhibiting piezoelectricity, electro-optics and second-order nonlinear optical properties at the
nanoscale for both multimodal imaging and the photo-triggered release of chemotherapeutics.!!~!3
Combining the intrinsic nonlinear optical properties of non-centrosymmetric oxide materials with
plasmonic resonances is an effective way to enhance several nonlinear processes as already
demonstrated for mesoporous LN microspheres'#, for LN bulk crystals combined to various gold
nanostructures!>!® and for another dielectric core composed of barium titanate (BaTiO3).!”!° Note
that in the bulk form, hybrid plasmonic waveguides are able to produce giant second harmonic
signals thanks to the influence of plasmonic resonances onto the confined modes.?%?! The
encapsulation of LN NPs into a raspberry-like gold nanoshell by a wet chemistry approach has
several noticeable advantages. First, it avoids the difficulties related to the nanofabrication of
precisely positioned nanostructures and provides a scalable elaboration route.'* Second, the rough
gold surface offers a high density of localized ‘hot spots’ or ‘disordered nanoantennas’ which may
provide an increased SERS effect,?? a better far-field coupling with long-lived plasmonic modes,>}
a tunable plasmon band over a large range of wavelengths and high absorption cross-sections. This
core-shell nano-raspberry structure is thus expected to strongly influence the nonlinear optical
properties of LN such as its wavelength-dependent second harmonic generation (SHQG), first
hyperpolarizability and depolarization ratio.

In our previous works, we first synthesized and studied the influence of various densities of gold

nano-seeds onto LN NPs.?* The first hyperpolarizability was shown to slightly decrease at high



surface densities of gold nano-seeds for an almost constant depolarization ratio corresponding to
the one of bare LN, thus evidencing the predominance of the core volume contribution. Gold seeds
were then grown and the as-obtained raspberry-like gold nanoshells onto LN NPs were thoroughly
optimized and characterized.”> As expected, broad plasmonic responses were demonstrated from
the extinction spectra.

In this paper, we focus on the study of the plasmonic and nonlinear optical properties of these
hybrid lithium niobate-gold core-shell NPs. A model based on Discrete-Dipole Approximation
(DDA) is first proposed to compute the plasmonic behavior of the raspberry-like gold shell
according to the gold NPs size and density. After verification of the black gold plasmonic regime,
the nonlinear optical properties of the optimized hybrid nanostructure are characterized. Hyper
Rayleigh Scattering (HRS) experiments are performed at 800 nm to measure the first
hyperpolarizability and depolarization ratio of both gold NPs, bare lithium niobate cores and
hybrid nanostructures. Second Harmonic Spectroscopy (SHS) is finally used to probe any

enhancement effect in the 700-1300 nm excitation range.

2. EXPERIMENTAL

2.1. Synthesis of lithium niobate-gold core-shell (LN@Au) NPs.

The whole synthesis protocol of LN@Au synthesis is detailed in Supporting Information and in
previous papers.?*?> Briefly, LN NPs with a typical diameter of 45 nm were synthesized by a non-
aqueous solvothermal alkoxide process.?%?’ Addition of Branched PolyEthylenlmine (BPEI)
polymer in colloidal suspensions was used to coat the LN NPs and change to positive the initial
negative surface charge of LN. Negatively-charged gold seeds (AuSeeds) were synthesized using

the protocol reported by Duff et al.?® AuSeeds were then attached onto LN@BPEI NPs via



electrostatic interaction, with a theoretical ratio in number of AuSeeds to LN NPs fixed at 1000:1.
The resulting LN@BPEI@AuSeeds NPs were then again coated with BPEI and a layer-by-layer
(LbL) process was used to grow the gold shell. In this process, chloroauric acid trihydrate
(HAuCl4:3H20) in presence of hydroxylamine hydrochloride (NH>OH, HCI) as a gold reducer,
were added to the LN@BPEI@AuSeeds@BPEI NPs and this last step was repeated two more

times. These three reduction steps were labelled R1, R2 and R3, respectively.

2.2. Modelling of Au-decorated LiNbO3 optical response.

The DDA package DDSCAT 7.3.2 developed by Draine and co-workers?® was employed to
compute the linear optical responses of Au-decorated LiNbO3 nanostructures in the 400-1400 nm
spectral range. The LN core was modelled as a sphere with the dielectric function taken from
Zelmon et al*® and Au nanospheres were randomly attached over the LN core surface.’! Their size
and number covering the core were varied in order to model the different shell nanostructures
resulting from the successive steps of the LbL process. The dielectric function of Au NPs was
assumed to follow the Drude permittivity model while accounting for finite size effects in the bulk
dielectric function of gold.3! Both the LiNbO3 core and Au NPs were then discretized in regular
arrays of spaced dipoles while the water solvent of constant refractive index at 1.33 was considered
as the ‘host medium’. The DDSCAT code numerically solves electromagnetic wave equations for
a given geometry discretized in dipoles. The dipole spacing should be chosen small enough
compared to the wavelength and any structural length in the targeted geometry to ensure accurate
calculations. In this study, the dipole size was fixed at 0.5 nm enabling a good compromise
between computation times and accuracy (maximum deviation less than 1% with respect to

experimental data of single Au nanoparticle).!



2.3. Hyper Rayleigh Scattering (HRS).

Two distinct but similar experimental setups were used to investigate the Second Harmonic (SH)
properties of the NPs. The first one was used to perform hyperpolarizability and polarization-
resolved measurements.>? Briefly, the output of a femtosecond Ti:Sapphire laser (Coherent,
Chameleon Ultra) with a pulse duration of about 180 fs and an average power of 500 mW centered
at a wavelength of 800 nm was used to generate incoherent second harmonic scattered light from
the sample cell. In order to control the polarization and the energy of the light impinging onto the
sample, the beam was passed through a half wave plate followed by a polarizing cube. The
fundamental beam was vertically polarized and gently focused using a low NA microscope
objective (X16, NA = 0.32) onto the sample cell. The latter was made from fused silica and had
an optical path length of 5 mm. The 400 nm second harmonic light scattered at a right angle was
then analyzed with a spectrometer (Jobin Yvon, iHR 320) and a CCD camera (Andor, Andor 440)
for spectral cleaning and detection. A color filter was placed before the spectrometer as well as a
set of a half wave plate and a polarizing cube to select the output polarization. For the polarization-
resolved experiments, a half-wave plate was rotated before the objective to control the polarization
of the fundamental beam. Each measurement was statistically analyzed and averaged over
typically ten seconds of acquisition times. Second Harmonic Spectroscopy (SHS) experiments
were performed with another experimental set-up already described.>® Briefly, a tunable
femtosecond laser (680 to 1300 nm, Insight X3 Spectra-Physics) is used as the excitation source
and focused through an achromatic lens (f = 30 mm) into a fused silica cuvette containing the
nanoparticle suspension. The incident power is controlled with an achromatic half-wave plate

(Thorlabs, 690-1200 nm) coupled to a vertical Glan-laser polarizer. The emitted signal is collected



perpendicularly to the incident beam and analyzed by a spectrometer (Andor Shamrock 193)
coupled to a CCD camera (Andor iDus 401). A low-pass filter (Thorlabs FESH700) is placed in
front of the spectrometer entrance to remove any unwanted light scattered from the fundamental

beam.

2.4. Other characterization techniques.
Transmission Electron Microscopy (TEM), UV-visible absorption spectroscopy and Dynamic

Light Scattering (DLS) working conditions are detailed in Supporting Information.

3. RESULTS

3.1. Structural characterization of LN@Au core-shell NPs

Core-shell LN@Au NPs were synthesized using a LbL process involving a first step of gold
seeding onto BPEI-modified LN NPs followed by three gold reducing steps to grow and optimize
the gold shell as already detailed.”> TEM images of LN@Au NPs obtained after each reduction
step are presented in Figure la-c. The gold shell has a raspberry shape composed of almost
spherical gold NP drupelets with a diameter increasing after each reduction step. The measured
diameters of the gold drupelets within the shell were 12.5+2.5,19.0 + 4.1 and 26.0 £+ 5.6 nm, after
the first (R1), the second (R2) and the third (R3) reduction steps, respectively. These gold
nanoparticles were attached to the 45 nm LN core thus increasing the diameter of LN@Au NPs
after each growth step. After R3, the measured hydrodynamic diameter of LN@Au NPs was 163.3
+ 19.3 nm (which is consistent with their TEM diameter in Figure 1c¢) with a zeta potential value

of 30.2 + 2.8 mV,? showing their negligible aggregation level.
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Figure 1. TEM images of LN@Au NPs with a constant 100 nm scale bar after (a) R1, (b) R2 and

(c) R3 reduction steps and (d) corresponding extinction spectra (R1: red, R2: blue, R3: green).

An evolution of the UV-visible extinction spectra of LN@Au NPs is also clearly observed
(Figure 1d) after each reduction. A single peak profile at 513 nm is obtained after R1,
corresponding to non-interacting gold NPs at the surface of LN. After R2 and R3, this peak is
shifted to 552 nm and 560 nm, respectively, and is still due to non-interacting gold NPs of larger
size. Two broader extinction bands with a maximum at 698 nm for R2 and 803 nm for R3 are also
visible showing that the plasmon band of LN@Au is progressively red-shifted during the gold
shell growth. The red-shift of these broad bands as compared to the single peak obtained for R1
stems from the higher surface density of gold in the shell and the change of the environment

electromagnetic properties. In addition, the presence of overlapping gold NPs results in plasmonic



coupling. If a slight red-shift may also be expected from the diameter increase of Au NPs, we

demonstrate in the following section that this effect mainly arises from the gold surface coverage.

3.2. Modelling of the plasmon response of LN@Au core-shell NPs

DDA is a discrete solution method of the integral form of Maxwell’s equations and has been
shown to be well suited for predicting the optical response of nanostructures with complex
geometries.3! It was implemented here to study the plasmon response (Figure 2) of LN@Au
hybrid NPs composed of a 45 nm LN core decorated with either 20 or 50 Au NPs of increasing
diameter as derived from the TEM observations. In the numerical model, Au NPs and LN core
were assumed as spheres. Au NPs were randomly generated on the LN core surface by using a
Monte-Carlo process. The details of this generation method are given in Supporting Information.
In the DDA, all NPs and core were discretized as set of dipoles organized in cubic arrangement of
equal lattice spacing. The filling fraction was defined as the ratio of volume filled by gold to that
of a complete imaginary shell of thickness equal to the NP size. This consists in calculating the
ratio of the dipole number forming the NPs to that forming the imaginary full shell. It has to be
noted here that this number of Au NPs per LN core is very low compared to the initial 1000:1
initial ratio which corresponds to the ratio of AuSeeds to LN NPs added in the reaction medium
during the first step of the synthesis (seeding). The 20 to 50 Au NPs per LN core refers to the
number of Au NPs finally attached to the LN core after the two synthesis steps (seeding and
growth). Additionally, for these different geometries, the filling fraction defined by the ratio of the
total volume of Au NPs to the volume of the corresponding full shell of same thickness,’! was

calculated (Table 1).
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Figure 2. Calculated extinction cross-section spectra for core-shell NPs composed of a spherical

45 nm LN core decorated with (a) 20 and (b) 50 Au NPs of increasing diameter from 12.5 nm

(R1), to 19 nm (R2) and to 26 nm (R3).

Table 1. Calculated filling fractions for 20 and 50 gold nanospheres of different diameters at the

surface of a single 45 nm LN core.

Number of gold nanospheres Mean diameter of gold Filling fraction
per LN core nanospheres
20 12.5 13.9%
20 19 25.7%
20 26 38.4%
50 12.5 37.2 %
50 19 61.2%
50 26 74.5%

A single plasmon peak was obtained for the lowest number of small Au NPs (Figure 2a) only

showing a slight red-shift and peak broadening for the larger diameters. Note that the known

plasmon response of individual, non-interacting Au nanospheres was retrieved with the diameters
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fixed at 12.5 and 19 nm.** Concerning the larger Au NPs diameter of 26 nm, the extinction cross-
section exhibits not only the usual plasmon peak of individual nanospheres with peak broadening
but also a small second peak at long wavelength (1400 nm). After R3, it is not excluded that few
close Au NPs touch each other or even slightly overlap and form isolated aggregates. The small
peak at long wavelength is probably explained by the synergetic effect of plasmonic coupling
between close Au NPs and an additional resonance mode of these few aggregates (Figure S1,
Supporting Information).>! When 50 Au NPs per LN core are considered, a double-peak plasmon
band is already observed at R2 (Au NPs of 19 nm) with the first and second peak centered at 538
nm and 710 nm, respectively. After R3, a main peak is again derived at 640 nm (Figure 2b)
corresponding to the nanoshell regime with the Au diameter at 26 nm. Gold NPs are then supposed
to strongly overlap thus forming a quasi-continuous gold layer. It is worth noting that though the
nanoshell regime is the dominant plasmon resonance regime after R3 with 50 Au NPs, another
peak with moderate magnitude can be observed at around 920 nm wavelength and it indicates that
the nanoshell is not entirely continuous. Interestingly, the characteristic two-peak response can be
attributed to the black gold regime (broadband absorption) for which a weak overlap of the Au
NPs results in aggregates of different sizes.>' These two regimes actually depend on the filling
fraction (Table 1). Assuming a single monolayer of randomly-distributed Au NPs and according
to Figure S2 (Supporting Information), the frontier between the two weakly interacting and
strongly interacting regimes was found for a filling fraction around 47% when the average distance
between adjacent Au NPs is null.?! The filling fractions are all below 47% for 20 Au NPs per LN
core consistently with the calculated plasmonic responses (Figure 2a) corresponding to non-
interacting gold NPs. When the number of Au NPs is increased to 50, the double plasmon peak

only observed in Figure 2b for the 19 nm diameter can be attributed to the weak overlapping regime
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since the calculated filling fraction reaches 61% which is above the 47% frontier (Figure S2,
Supporting Information). At 26 nm, the single peak observed is characteristic of the nanoshell
regime while our experiments (Figure 1d) evidenced the double plasmon peak behaviour for both
diameters measured at 19 nm and 26 nm after R2 and R3, respectively. This black gold regime is
consistent though with the TEM image in Figure 1c where closely-packed Au NPs are observed
but not a homogeneous shell. Such a difference between our experimental data and the modelling
approach may indicate that the initial number of 50 Au NPs of diameter 26 nm per LN core is
overestimated. Deriving the exact number (n) of individual Au NPs per LN core is indeed tricky
from the TEM images so additional calculations were performed with n varying between 20 and
50 (Figure S3, Supporting Information). Computation results depicted in Figure 3a show that the
extinction cross-section spectrum of LN@Au hybrid NPs varies with the number of NPs for a
given core size. With n = 20 NPs decorating the LN, the extinction spectrum exhibits the single
NP peak of plasmon resonance. This means that there is no noticeable plasmonic interaction
between close NPs. This is expected since the filling fraction (38%) is below the theoretical limit
of touching NPs (47%). Moreover, it can be evidenced from Figure 3a that NPs do not touch each
other. As the number of NPs increases to 25, the single NP extinction peak broadens and at the
same time, three moderate peaks took place at wavelengths of 750 nm, 900 nm and 1100 nm. In
such a case, the filling fraction reaches 49.8 % from which some NPs are very close while others
touch or overlap slightly their neighbours. Sufficiently close NPs interact via Coulomb interaction
of opposite charges leading to the main peak broadening.?' Touching or overlapping NPs behave
as aggregates and exhibit new extinction peaks, responsible of the broadband extinction spectra.
The positions of these peaks depend on the aggregate size and generally take place in the near

infrared as evidenced here. Their moderate magnitudes are explained by the weak overlap of NPs
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at the filling fraction of 49.8%. With 35 to 45 NPs, characterized by filling fractions of 62.8% to
66.7%, respectively, NPs overlap and start and start to form continuous NPs aggregates or quasi-
complete nanoshell. The extinction spectrum exhibits strong near infrared plasmon resonance
peak, known as nanoshell plasmonic regime. The interaction (or hybridization) of plasmons at the
inner and outer interfaces of the shell controls the plasmon resonance peak. For LN@Au hybrid
NPs with high filling fraction (typically greater than 60%), the shell thickness locally varies due
to partial overlap of nanoparticles. Thus, strong and localized plasmon hybridization leads to broad
plasmon peak. Increasing the number of NPs to 50, i.e. the filling fraction to 74%, leads to more
uniform nanoshell thickness and decreases localized plasmon hybridization, which results to a blue
shift of the plasmon peak along with an enhancement of the peak magnitude. The best comparison
between the experimental (Figure 1d, green curve) and calculated (Figure 3a) extinction spectra
is actually obtained for n = 39 for which the estimated filling fraction is 67%. A shouldering at
560 nm can indeed be noticed together with a large extinction band between 650 and 850 nm. Note
that perfectly spherical cores and Au NPs are assumed in the modelling and that the experimental
diameter and shape distributions of the LN cores and the gold NPs are not included in the
calculations. For the wavelength corresponding to the extinction maximum (4,4, = 676 nm), the
calculated extinction cross-section is Coyt max = 0.0234 um?, which is in agreement with the

observed black gold regime !
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Figure 3. (a) Calculated extinction cross-section spectra for LN@Au NPs when the number of
attached Au NPs of diameter 26 nm is increased from 20 to 50 at the surface of a single 45 nm LN
core. (b) Dipole cubic array representation of a random distribution of 39 Au NPs of 26 nm
diameter coating a LN core of 45 nm diameter with a filling fraction of 66.4%. Each voxel

corresponds to a dipole lattice constant of 0.25 nm. (c¢) Corresponding cross-plane view of near-

|E|?
field enhancement e
i

at the wavelength 676 nm. £ and E; refer to the computed local and incident

electric fields, respectively. The incident light wavevector is oriented along the X axis with the

electric field direction oriented along Y.
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For this optimized nanostructure configuration (n = 39 with 26 nm Au NPs diameter), the near-
field enhancement due to the gold raspberry shell was calculated at the wavelength 676 nm,
corresponding to the extinction maximum (Figures 3b and 3c¢). It showed that enhancement factors

of the electric field reached values as high as 1000 in some local regions between overlapping gold

2
enhancement factor

. E
NPs, due to the presence of electromagnetic ‘hot spots’. The average ||E.||2
l

integrated over the LN@Au system was evaluated to be 17.8.

3.3. Second Harmonic properties of LN@Au core-shell NPs

We performed a careful comparison of the SH signals from three different samples, namely
LN@Au NPs (R3, three gold reducing steps), individual Au NPs (diameter 25 nm corresponding
to a diameter similar to the one of gold NPs contained in the gold shell of LN@Au NPs after R3)
and bare LN NPs. Hyper Rayleigh Scattering (HRS) technique was applied on colloidal
suspensions to retrieve the hyperpolarizability value, the polarization response and the second
harmonic spectral response of each type of NPs.

3.3.1. Magnitude of the First Hyperpolarizabilities

From a microscopic point view, measuring the first hyperpolarizability of the NPs is useful to
quantitatively assess their SH cross-section and the impact of the gold shell on it. The internal
method was used where the sample solution is diluted and the HRS intensity is collected and
normalized to the neat solvent, here water. In this procedure, the background signal was always
removed as it may arise from incoherent contributions. The latter procedure is also possible
because the scattered light was collected over a short twenty nanometers spectral domain. As a
result, the HRS intensity signal of each sample appeared as a Gaussian profile at half the

fundamental wavelength sitting on a broadband background as shown in Figure 4a for LN@Au
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NPs and in Figures S4a and S5a (Supporting Information), for Au NPs and bare LN cores,
respectively. Figure 4b gives the linear plot of the HRS intensity normalized to the neat solvent

intensity as a function of the LN@Au NPs concentration.
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Figure 4. (a) HRS spectra of the LN@Au NPs for different concentrations of NPs, 100 %
corresponding to 38 x 10'> NPs/L. (b) HRS intensities as a function of the LN@Au NPs
concentration after normalization by that of the neat water solvent. (c-e) Polarization plots of the
(blue) vertically polarized and (red) horizontally polarized HRS intensities as a function of the
fundamental beam polarization angle for (c) LN NPs, (d) 25 nm diameter Au NPs and (¢) LN@Au

NPs.

The first hyperpolarizability of the NPs were obtained from the slope b of these line plots, given

by Eq. 1:
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— <ﬁ1%lPs> Eq' 1
Ng(Bs)

where Byps and S are the first hyperpolarizabilities of the NPs and neat solvent, respectively,
and N the solvent concentration. The brackets indicate an orientational average since no
preferential orientation occurs in the liquid suspension and the hyperpolarizability thus determined

results from several microscopic nanoparticle tensor elements, following the standard procedure.?

In determining Byps from the line plot slope, the reference values /{82) = 0.087 x 103° esu and
N, = 55.5 M were used for neat water.3® Experimental hyperpolarizabilities are reported in Table
2.

Table 2. First hyperpolarizability (in esu units) at 800 nm fundamental wavelength of the different

NPs studied.

NPs /(ﬁ,zvps) /esu

LN (0.77 +/- 0.03) x102*

Au25nm | (0.11 +/-0.03) x102*

LN@Au | (0.28 +/- 0.05) x10-**

The hyperpolarizability determined for the 25 nm diameter Au NPs is consistent with the one
previously determined from gold NPs of similar diameter.’” Interestingly, we point out in Table 2
a weaker hyperpolarizability of the LN@Au NPs as compared to the LN cores. Contribution from
the raspberry-like gold shell is thus detrimental to the overall hyperpolarizability of the hybrid NPs

at a fundamental wavelength of 800 nm. The second harmonic scattering at 400 nm indeed falls in
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the interband absorption region of gold NPs (Figure S6, Supporting Information). Despite the
surface plasmon resonance of the attached gold NPs coating layer located at 800 nm (Figure 1d),
it is suggested that absorption losses still hinder any resonance enhancement for the hybrid NPs.
As a result, enhancement due to the shell should occurs at much longer excitation fundamental
wavelengths for which losses are less predominant. Importantly, all experimental data were here

monitored for diluted samples thus avoiding self-absorption of 2w photons within the suspension.

3.3.2. Polarization-Resolved Measurements

In order to get further insights into the origin of the nonlinear response, polarization-resolved
intensity plots, depicted in Figures 4¢, 4d and 4e, were then recorded after rotating the input
polarization angle y and collecting the vertically- and horizontally-polarized HRS intensities with
respect to the horizontal plane of scattering (Figure S7, Supporting Information). The plots were
then adjusted according to Eq. 2.3’

I5rs = alcos*y + bTcos?ysin?y + clsin*y Eq. 2

expressing the HRS intensity either vertically (I' = 0) or horizontally polarized (I' = m/2) as a
function of the polarization angle y of the fundamental beam. From the six intensity coefficients
a', b' and cT, the depolarization ratio D = c°/a® and the retardation parameters (" =
(b° —a® —¢%)/b° and {¥ = (@™/? — c™?)/(a™? + ¢™/?) were determined (see Table 3), thus
providing a deeper analysis of the experimental nonlinear response. The D parameter provides a

quantitative weight of the octupolar versus dipolar spherical tensors constituting the first

hyperpolarizability tensor as obtained from an irreducible tensor decomposition. It thus determines
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the dominant symmetry of the second-order nonlinear optical source. The two other parameters {"
and (¥ provide information on the finite size of the nano-objects under study as they indicate the
extent of the breaking of the point-like nanoparticle size approximation.

Table 3. Depolarization and retardation parameters D, {V and {¥ extracted from the polarization

plots.
D (V (H
LN 0.16 £0.01 0.03 £0.01 -0.07 £ 0.01
Au 25nm 0.25+0.01 0.05+0.02 -0.03 +£0.02
LN@Au 0.66 + 0.02 -0.04 £ 0.01 0.04 +0.02

The derived depolarization ratio for the 25 nm diameter Au NPs is weaker than that previously
reported but as it describes the origin of the HRS response, it strongly depends on the synthesis
and relates to the surface geometry. Nevertheless, a value of 0.25 suggests a dipolar response
within the irreducible tensor representation of the first hyperpolarizability whereas that of the
LN@Au NPs is consistent with an octupolar response, namely a much more surface-distributed
response.’® This octupolar nature of the LN@Au NPs response is expected if the Au NPs shell
contribution dominates over the LN core volume response or is largely non negligible. This
observation is consistent though with the absolute magnitude of the first hyperpolarizability of
these LN@Au NPs which is weaker than the one of pure LN NPs, see Table 2. The depolarization
ratio of the pure LN NPs is also very different, with a dipolar value of D at 0.16.24 The role of this
raspberry-like gold shell is therefore clearly demonstrated.

Retardation effects appears very weak as seen from the close-to-zero values of the ¥ and (¥

parameters, as expected considering the NPs size, either pure Au NPs with a diameter of 25 nm
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only, or pure LN cores at 45 nm and the core-shell NPs. Retardation parameters only deviate from
zero for non-vanishing spatial phases, the latter being due to a non-negligible L/A ratio where L is
the nanoparticle size and A the fundamental wavelength.
3.3.3. Second Harmonic Spectroscopy

After demonstrating the contribution of the black gold regime on the characteristic extinction
spectra and lower hyperpolarizability value at 800 nm of the hybrid NPs comparatively to the bare
LN core, Second Harmonic Spectroscopy (SHS) experiments®® were conducted within the 700-
1300 nm excitation range to get a better insight of the spectral response of each nanomaterial. First,
the emission spectra of the different samples were measured for each excitation wavelength using
a constant incident average power. Note that we only used diluted samples to limit absorption of
the fundamental beam and re-absorption of the generated 2w photons within the suspension.
Moreover, the incident power was limited to 50 mW to prevent the occurrence of thermal lensing,
which could induce self-defocusing of the fundamental beam, thereby modifying its intensity.*®
We addressed both of these concerns in the Supporting Information.

The image of the emission spectra as a function of the laser wavelength is shown in Figure 5
for the LN@Au sample. For each spectrum, a SHG peak is superposed to a broad multiphoton
luminescence background arising from the Au NPs*® whereas for bare LN NPs only pure SHG is

detected.
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Figure 5. (a) Image of the emission spectra (x axis) as a function of the laser wavelength (y axis,
10-nm wavelength increments) for the LN@Au NPs suspension. Specific spectra at (b) 1250 nm
excitation and (c) 900 nm excitation extracted from (a) showing SHG peaks at 625 nm (peak 2)
and 450 nm (peak 3), respectively. Note that Third Harmonic Generation is also detected for laser
wavelengths above 1200 nm (peak 1). (d) Normalized ratio of the SHS signal from LN@Au and
LN suspensions as a function of the excitation wavelength. Normalization of the spectral response

was made at A = 800 nm according to the procedure described in the text (green circle).

SH intensities were retrieved for each excitation wavelength by fitting the SHG peak. We then
calculated, as a function of the excitation wavelength, the experimental ratio I} y@ 4, /Iy between
the SH intensities from LN@Au and LN samples. The suspension of bare LN NPs, whose second-
order susceptibility has a weak frequency-dispersion, is used here to correct the overall spectral
response of the optical set-up in the 700-1300 nm excitation range.’® Furthermore, it is worth
noting that the experimental ratio, I} y@a. /Iy, is Only relative because the concentration of LN
suspension used here differs from that of LN@Au. We have thus normalized this relative spectral
response by considering the hyperpolarizability values previously obtained and shown in Table 2.

The absolute ratio I;y@aw /Iy should be equal to the ratio of the squared hyperpolarizabilities
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(Bivaau)/{BEv) = (0.28/0.77) = 0.13 at 800 nm if the same concentration is assumed for both
samples. This corrected spectral response is shown in Figure 5d and reflects the enhancement or
reduction of SHG associated with the formation of the raspberry-like gold shell. A significant
increase of the scattered SH intensity by a factor up to ~20 can be observed between 800 and 1300
nm while a resonance above 1300 nm is expected but it was not completely resolved due to our
limited excitation wavelength range.

Additionally, the SH spectral response of a colloidal suspension of bare Au NPs was also
investigated using a similar experimental procedure (Figure S9, Supporting Information). Note
that a very similar experimental response has been recently observed from 50 nm non-aggregated
Au NPs using a comparable SHS experimental set-up.*® For bare Au NPs, the SH intensity ratio
shows a resonance of about ~ 10 at 1175 nm and is clearly different from the one found for the
LN@Au sample. Interestingly, it can be concluded that the measured SH signal from LN@Au NPs
cannot result from a simple addition of the individual contributions arising from the bare Au NPs

and LN cores.

4. DISCUSSION

It is well known that linear and nonlinear spectral responses are closely correlated. SH
enhancements are typically observed when the frequency o of the incoming photons matches
resonances in the linear spectrum at @ or 2®. This has been demonstrated for many plasmonic*!
or hybrid nanostructures'4#-#* and Mie dielectric nanoparticles*>*¢ and can be explained by an
increase of either the local field E, or the radiated harmonic far field E,,. The following
expression (Eq. 3) can be used to qualitatively interpret the SHG spectra response of any

nanostructure: !’
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o o f Ebe(w.ndv) ( f B, 1)V ) Eq.3

For the LN@Au sample, the plasmon band, whose origin was already discussed and attributed
to the ‘black gold regime’, is broad and centered around 800 nm. Surprisingly, no equivalent band
is observed in the nonlinear response excited at  while the large SH intensity enhancement up to
1300 nm is compatible with a two-photon resonance at 1600 nm. Further near-field simulations
were thus performed at 338 nm (half of the simulated extinction maximum) and 1352 nm (twice
the simulated extinction maximum) but they do not show significant differences (Figure S10,
Supporting Information) that could help to interpret the experimental response. The absence of
any resonance at an excitation wavelength of 800 nm in the SHG response is still unclear but may
be related to absorption losses as already suggested.*”*® In addition, we can then question the exact
origin of the measured SH properties of the LN@Au NPs. As already mentioned, SHG does not
simply result from the addition of the signals generated by the LN and Au NPs separately, but to
the formation of a raspberry-like gold shell. Typically, a strong SH signal can be induced by a
favorable combination of the LN second-order nonlinear response and field enhancement due to a
complete gold shell, as initially suggested by Pu ef al for BaTiOs/Au core-shell.!” However, the
SH properties can also mainly result from the gold nanostructure itself. For hybrid dielectric/metal
structures, the exact source of nonlinearity is still questioned.** Recently, Faryad Ali et al
demonstrated a 32-fold SHG signal enhancement for LN microspheres with Au NPs inserted into
their mesoporous structure. Several hypotheses were proposed to explain the mechanism leading
to enhanced SHG emission: coupling effects between Au NPs leading to an energy transfer back
to the LN or superradiant plasmon scattering due to the collective interaction of Au NPs upon light

excitation.!'* Noteworthy, a high SHG signal at 400 nm was also observed from NPs consisting of
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1°% evidencing a rough

a centrosymmetric 300 nm silica core surrounded by an incomplete gold shel
surface similar to the raspberry-like morphology of the LN@Au NPs. The presence of plasmonic
‘hot spots’ leading to very large field factor enhancement then results in these high SHG signals
from the gold surface. In another recent study, a SHG signal increase of about 10* has been
measured after the aggregation of individual gold NPs with an expected resonance beyond 1300
nm.* Interestingly, their SHG spectral response is very close to our current measurements.
Moreover, polarization-resolved measurements at 800 nm strongly support here a dominant
surface contribution compared to the core volume response of LN while DDA simulation for
plasmonic vesicles®! demonstrated that near-field electrical field enhancement is mainly localized
between the Au NPs shell when considering the ‘black gold regime’ (Figure 3c¢).3! We can
therefore assume that the morphology of the raspberry-like gold shell with a random distribution

of the Au NPs attached to the LN core is here at the origin of the experimentally-derived SHG

properties.

5. CONCLUSION

This paper aims to investigate both the plasmonic and the second harmonic emission properties
of hybrid lithium niobate-gold nanoparticles with a raspberry-like gold shell structure grown onto
LN cores after three successive gold reduction steps. Their structural characterizations evidenced
an increase of the Au NPs diameter from 12.5 to 26.0 nm, associated with a progressive red-shift
of the plasmon band. This plasmonic response was modelled using DDA method. Several
plasmonic regimes were identified depending on the filling fraction related to the gold surface
coverage. An average number of 39 gold nanoparticles per lithium niobate core, corresponding to

a filling fraction of 67%, was found to be the best model explaining the experimental plasmonic
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response of the final hybrid nanostructures. This response was attributed to the black gold regime
resulting in a high extinction cross-section and electromagnetic ‘hot spots’ in the region between
overlapping gold nanoparticles. Second harmonic properties of bare LN cores and Au NPs of
diameter 25 nm, and of hybrid LN@Au nanostructures were then studied and quantitatively
assessed. HRS measurements were performed by using two complementary techniques in order to
investigate the hyperpolarizability values, polarization response and second harmonic spectral
response of each type of nanoparticles. At an excitation wavelength of 800 nm, the weaker
hyperpolarizability value measured for the LN@Au NPs, comparatively to the LN cores, was
measured together with an octupolar polarization response. Moreover, shifting the excitation at
1300 nm leads to a up to 20-fold increase of the SH intensity. Origin of the nonlinear response was
attributed to dominant surface contributions in the hybrid nanostructures due to the black gold

regime associated to the as-prepared raspberry-like gold shell.
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