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Abstract

In the search for efficient building blocks for nonlinear metamaterials, plasmonic
nanoparticles have received considerable attention. Their quadratic nonlinear optical
properties result from a complex interplay between the nature of the bulk material,
the object shape, surface defects and retardation effects. This versatility can be used
to tailor the properties of the resulting material. However, despite extensive investiga-
tion, separating and controlling these contributions is still a challenge. In this report,
we control the morphology ofexplere—the—seeond—harmenie—seattering—response—from
colloidal gold nanoparticles with tetrahedral symmetry and explore their second har-
monic scattering response. The material itself is centrosymmetric but not the shape,
conferring to the first hyperpolarizability an almost purely octupolar symmetry. Grad-
ually reshaping the nanoparticles into spheres (and thus decreasing their asymmetry)

reduces their nonlinear response, showing that it is is controlled by the morphology.



These results open the way towards new kinds of nonlinear plasmonics platforms and

imaging probes.
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The design of novel materials aiming for full control of the light-matter interaction (such
as metamaterials and metasurfaces) has been largely driven by the development of nanoscale
structures, using either top-down or bottom-up methods. Among the latter, the use of
colloidal building blocks with optical properties defined during the synthesis step has been

very fruitful. However, the influence of the various relevant parameters (shape, size, surface

roughness, etc.) is difficult to discriminate and adjust separately.fan—thepresent—work,—we

Gold nanoparticles (NPs) display exciting linear optical properties, notably due to the

existence of well-defined localized surface plasmon resonances, very sensitive to the mor-
phology of the particles.! This dependence has been explored in detail and has led to suc-
cessful applications. It is thus a natural step to extend this study to the NPs’ nonlinear
response. However, since gold is centrosymmetric, the bulk contribution vanishes altogether
under homogeneous excitation and the SHG is then due to the particle shape (provided
it is non-centrosymmetric itself),? to surface defects —notably due to coatings— and, for
NPs large enough with respect to the wavelength, to retardation contributions (the non-
vanishing spatial phase of the excitation field over the volume of the object®*) or to the
presence of a substrate, which breaks the inversion symmetry.5 Separating these various ef-
fects is a real challenge and requires the use of NPs with well-controlled morphology and

low surface roughness. Significant progress has been made in the lithographic fabrication



of non-centrosymmetric gold NPs,%7 but in this approach the substrate must also be taken
into account, making the analysis difficult. The chemical synthesis of such nano-objects is
still under development, although a large range of shapes and sizes have been proposed.®
Yet, aside from nanoprisms, the synthesis of non-centrosymmetric shapes is less developed
than for centrosymmetric ones like spheres, cubes or rods. Nevertheless, obtaining these NPs
with different shapes via a bottom-up procedure would have many advantages: large yield,
smooth surfaces, the absence of a substrate and the possibility of using them as tracers, e.g.

in nonlinear microscopy.

Extinction

Figure 1: TEM images of: (a-e) NTPs obtained after various reshaping times: 3 min.,
18 min., 33 min., 48 min. and 12 h, (f) NS, and (g) UV-Vis spectra of particle suspensions,
renormalized to an extinction of 0.5 at A = 400nm (solid lines) and spectra of the model
shapes, simulated using BEM (dashed lines). The NTPs are represented above each curve.

Fundamentally, the SHG response from NPs is described by the third-rank first hyper-
polarizability tensor 3, which can be irreducibly decomposed into a dipolar B and an
octupolar 3% contribution. When the material itself is centrosymmetric, one can break
the overall symmetry by rendering the objects dipolar, e.g. by creating a preferential axis
and introducing an asymmetry along this direction. This approach has been attempted, for
instance, with heterogeneous NP dimers.? ! Another possibility is to develop the octupo-
lar 5 component with a three-fold symmetry, while maintaining a low dipole 2. This

13,14

has been done for lithographed nanoprism arrangements with D3h symmetry and for

colloidal nanoprisms in solution.'® Obtaining materials with an octupolar response is in-



teresting, %17 both from a fundamental point of view and for applications, since the SHG
intensity has a very characteristic polarization pattern.

In this work, we achieve an—eectupolar—response—using two objectives: controlling the
morphology of gold nano-tetrapods (NTPs), a shape first obtained with semiconductors,'®
and showing that their nonlinear optical response has an octupolar structure. These objects
feature four arms with almost perfect tetrahedral Td symmetry and have recently been
obtained with high yield.!® Their morphology is very promising for nonlinear optics (and for
SHG in particular), as they should have a vanishing 3" and a large $®). Their small size
offers the opportunity to study the SHG response of low-symmetry nanostructures without
retardation effects. Such studies can be conveniently performed at the ensemble level due to
their narrow size distribution. Moreover, the NTP is a metastable shape, which reforms into
a sphere over a few hours (see Figure 1). We have discovered that coating the NTPs with
a thin silver layer blocks the reshaping process. This feature enables us to study a family
of NPs with varying arm length while keeping the volume constant, and thus to follow
the balance between the sources of their SHG response (in particular, the () /3®) ratio).
This family of particles opens the way towards colloidally assembled nonlinear plasmonics
platforms.

The first hyperpolarizability 8 (solid dots in Figure 2) decreases markedly as the NTPs
reshape. The initial NTPs (sample NTP-1) have a hyperpolarizability 5 over 10 times higher
than that of the reference nanospheres (sample NS), although their volume is three times
lower! For the more symmetric shapes (NTP-3 to 5) [ reaches a plateau of the order of
1072?° esu that we attribute to surface defects (leading to effective asphericity).

More information can be gleaned from the polarization dependence of Ifjrg(7y). The
depolarization ratio D (Figure 3, left) is initially rather high (D = 0.61), indicating a
harmonic response with almost purely three-dimensional octupolar symmetry (Do = 2/3),
as expected from the shape of the NTPs. This parameter decreases along the reshaping

process, spanning the range from Dy to Dgi, = 1/9 for purely dipolar symmetry. The
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Figure 2: Left axis: first hyperpolarizability 5 for all the samples, identified on the bottom
axis (solid black dots). Error bars are smaller than the symbol size. For NTPs, the arm
length L is given on the top axis.
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Figure 3: Depolarization ratio D (left) and retardation parameter ¢V (right) for all the
samples.



retardation parameter ¢V (Figure 3, right) remains low for all samples, as expected for
objects much smaller than the wavelength. For spheres (NS), where the shape is perfectly
centrosymmetric and the surface free from defects, the only source of SHG is retardation,
hence a high ¢V value. This contribution is however ineffective at such small sizes, and
therefore the—hyperpolarizabilityis—small the NS hyperpolarizability, the origin of which
stems from the deviation of the NS shape from that of perfectly centrosymmetric spherical
shape, is small. Deviation from the perfect spherical shape arise from geometrical defects
as well as local surface defects like presence of adsorbates, silver layer defects, etc.. The
determination of a depolarization ratio D is, in this context, a measure of the distribution of
the defects at the nanoparticle surface, since it is indefinite for a pure retardation contribution
(D being the ratio of two vanishing intensities). The experimental value, markedly different
from the pure dipolar 1/9 theoretical value, indicates a rather general defect distribution
over the entire surface. Therefore, from the observed experimental values of the D and ¢V
coefficients it is shown that, initially, retardation is weak and the SHG response dominated
by the shape non-centrosymmetry, whereas as the NTPs evolve into spheres, this source of
nonlinearity weakens and that originating in retardation takes a stronger weight.

In conclusion, gold nano-tetrapods exhibit strong SHG, essentially due to their shape (and
hence with the same octupolar symmetry as the objects themselves) and which decreases as
they reshape into spheres, reaching a plateau, the origin of which is driven by the surface
defects. Initially, retardation is weak and the SHG response is dominated by the shape non-
centrosymmetry. As the NTPs evolve into spheres, this source weakens and is complemented
with an origin due to retardation.

The arm length (and hence the extinction spectrum) of the NTPs can be tuned over a
wide range, which is very interesting in view of applications. For example, one could place
either the maximum value (peak) or the steepest slope of the longitudinal plasmon band at
the excitation frequency for maximum efficacy or sensitivity, respectively. The presence of

two plasmon bands opens the way towards doubly resonant systems,?® where the fundamental



and harmonic frequencies coincide with the longitudinal and transverse bands, respectively.

Possible applications to nonlinear imaging can also be envisioned, since the SHG signal
is spectrally sharp and coherent, in contrast with two-photon luminescence, for instance.
These advantages have already prompted the use of ferroelectric materials (e.g. BaTiO3) as
microscopy probes.?1?? Gold nanoparticles have the added benefit of very versatile surface

chemistry, making them adaptable to practically all relevant media (biological or otherwise).

Methods

Gold NTPs were synthesized following the method of Chang et al.'® We applied a thin silver
layer at an Ag/Au molar ratio of 0.2 at different times after particle formation, obtaining
nano-objects with the same total volume, but various arm lengths L and core diameters 2R,
as shown in Figure la-e. Gold nano-spheres (NS) were prepared by two growth steps onto
monocrystalline seeds.?® After synthesis they were also covered with silver (Ag/Au= 0.2),
an operation that does not change the morphology of the particles?! (see Figure 1f). The
thickness of the silver layer is below one nanometer (we estimate it as 0.5 nm for NTP1,
increasing to 0.66 nm for NTP5, due to the reshaping changing the area-to-volume ratio.)
Since the SH signal is clearly dominated by the overall particle symmetry, we do not expect
the D and ¢V parameters to be affected by the silver layer, which might however increase
slightly the hyperpolarizability /3, as silver is known to provide a higher response than gold.?"

All particles were dispersed in an aqueous solution of 10 mM cetyltrimethylammonium
chloride (CTAC), at an Au’ concentration of 0.17 mM (NTPs) or 0.22 mM (NS). Their
dimensions are given in Table 1 and their UV-Vis extinction spectra are displayed in Fig-
ure 1g, along with boundary element method (BEM) simulations. All objects display a
plasmon band centered around 520 nm, typical for small gold nanoparticles in water, as well
as a second band, whose strength and red shift with respect to the first one are proportional

to the arm length. By analogy with the case of nanorods, we will label these bands as



“transverse” and “longitudinal”, respectively.

Table 1: Particle sizes extracted from the TEM images (mean value £ SD): arm length L
and core diameter 2R for the NTPs, diameter 2R for the NS. Simulation parameters: BEM
simulations were done using the TEM values for 2R and the slightly higher values Lggy for
the arm length in order to yield good agreement between the fits and the data in Figure 1g
(see the Supporting Information for more details). HRS parameters: first hyperpolarizability
3, depolarization ratio D and retardation parameter ¢V (see the text for details).

| Sample | Age | L[nm] [ 2R [nm] | Lpem [nm] | B[10"% esu] | D | ¢Y |
NTP-1 | 3min. | 17.14+£23 | 15241 19 6.04 £0.06 | 0.61 £0.01 | 0.01 £0.002
NTP-2 | 18 min. | 11.1 £2.6 | 15.8 £0.8 13 2.56 +£0.03 | 0.52+0.02 | (44+0.5)1073
NTP-3 | 33 min. | 87+2.3 | 16.6 £0.8 9.5 1.42+£0.11 | 0.48£0.01 | 0.134+0.01
NTP-4 | 48 min. | 6.3+2.2 | 17.0£0.6 7.5 1.3£0.09 | 0.38+0.01| 0.11+£0.01
NTP-5 12 h. 0 19.6 £ 1.2 0 1.5£0.17 [ 0.20£0.01 | 0.08+£0.01
NS - - 28.1£2.1 - 0.56 £0.05 | 0.27 £0.01 | 0.33 £0.06

The hyper Rayleigh scattering (HRS)?® setup has been described elsewhere.?” It com-
prises a mode-locked Ti:sapphire laser tuned to 800 nm and delivering pulses of about 180 fs
at a repetition rate of 80 MHz. The mean power was set at about 450 mW at the sample level
to avoid any heating or deterioration as checked by simple extinction spectroscopy of the
sample cell before and after each measurements. The fundamental laser beam was focused
with a 16x objective (NA 0.32) into a quartz cell with 5 mm-long optical path (Q107 cell,
Hellma). The intensity Iyrs scattered at a right angle from the incident beam was collected
with a lens and sent to a spectrometer coupled to a cooled CCD camera. Color filters were
inserted to remove any unwanted harmonic light before the cell and fundamental light after
the cell.

The linear polarization of the fundamental beam was controlled with a half-wave plate,
defining the angle v with respect to the laboratory vertical direction. The polarization angle
I' of the harmonic light was selected with a linear polarizer placed either vertically (I" = 0)
or horizontally (I' = 7/2), denoted in the following by V and H, respectively. For the two
I" position, we measured Ifjrq(7) over a complete 27 range in 7, see e.g. Figure 4 top. The
concentration dependence of I}{rs(y = 0) normalized to the solvent signal yielded the first

hyperpolarizability £ in absolute esu units using water as the reference while the dependence

8



of the signal intensity on the polarization angle (Figure 4 bottom) yielded the depolarization
ratio D 2% and the retardation parameter ¢V, as detailed in the Supporting Information. All

these quantities are given in Table 1 for each sample.
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Figure 4: Sample NTP-1. Top: Polar graph of the (red) vertically and (black) horizontally
polarized HRS intensity Ifrs(7) as a function of the fundamental polarization angle (sym-
bols) and fits (lines). Bottom: dilution law for the same sample. The signal I}rs(y = 0) is
normalized to the solvent signal Iy. The slope of its dependence with respect to the particle
concentration yields the first hyperpolarizability .
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