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Introduction

The small dimensions of nano-objects are at the origin of the appearance of original optical properties resulting from the confinement of excitons in semiconductor nanoparticles and the localised surface plasmons in metallic ones. [START_REF] Nasilowski | Two-Dimensional Colloidal Nanocrystals[END_REF][START_REF] Amendola | Surface Plasmon Resonance in Gold Nanoparticles: A Review[END_REF] The latter are now widely used in many applications thanks to the recent development of fabrication and characterization techniques paving the way for nano-plasmonic engineering linking both the intrinsic plasmonic properties of individual particles and their interactions with their environment or each other. [START_REF] Jain | Review of Some Interesting Surface Plasmon Resonance-Enhanced Properties of Noble Metal Nanoparticles and Their Applications to Biosystems[END_REF][START_REF] Juodėnas | Effect of Ag Nanocube Optomechanical Modes on Plasmonic Surface Lattice Resonances[END_REF] More recently, it has been shown that there is a strong interaction between the plasmonic and vibrational (mechanical) properties of nano-objects that can be used to develop nanooptomechanics based on metal nanoparticles. [START_REF] Roelli | Molecular Cavity Optomechanics as a Theory of Plasmon-Enhanced Raman Scattering[END_REF][START_REF] Cunha | Controlling Light, Heat, and Vibrations in Plasmonics and Phononics[END_REF][START_REF] Koya | Plasmomechanical Systems: Principles and Applications[END_REF] However, while the control of the plasmonic properties tends to be a mature technology, the control of the vibrational properties of nanoobjects and their assembly and their interaction with light are in their infancy. Following the example of developments in the field of plasmonics, the tools for measuring the acoustic vibrations of nano-objects are evolving and allow to constantly improve our understanding of the mechanisms involved in light-vibration interactions in nano-objects (not necessarily metallic) and thus to envisage the joint engineering of the acoustic and optical properties of nanoparticles.

The acoustic vibrations of nanoparticles are controlled by their size, 8-10 shape, [START_REF] Pelton | Damping of Acoustic Vibrations in Gold Nanoparticles[END_REF][START_REF] Hu | Vibrational Response of Nanorods to Ultrafast Laser Induced Heating : Theoretical and Experimental Analysis[END_REF][START_REF] Del Fatti | Coherent Acoustic Mode Oscillation and Damping in Silver Nanoparticles[END_REF] crystallinity, [START_REF] Portalès | Crystallinity Dependence of the Plasmon Resonant Raman Scattering by Anisotropic Gold Nanocrystals[END_REF] composition, [START_REF] Yu | Probing Silver Deposition on Single Gold Nanorods by Their Acoustic Vibrations[END_REF][START_REF] Mongin | Acoustic Vibrations of Metal-Dielectric Core-Shell Nanoparticles[END_REF] and environment. [START_REF] Girard | Mechanical Coupling in Gold Nanoparticles Supermolecules Revealed by Plasmon-Enhanced Ultralow Frequency Raman Spectroscopy[END_REF][START_REF] Martinet | Ligand-Dependent Nano-Mechanical Properties of CdSe Nanoplatelets: Calibrating Nanobalances for Ligand Affinity Monitoring[END_REF][START_REF] Crut | Acoustic Vibrations of Metal Nano-Objects : Time-Domain Investigations[END_REF] These dependencies have mostly been investigated using optical methods operating in the time or frequency domains. Among these, inelastic light scattering spectroscopy relies on the interaction of monochromatic light with some of the vibrational modes of the nanoparticles, [START_REF] Duval | Far-Infrared and Raman Vibrational Transitions of a Solid Sphere: Selection Rules[END_REF] which allows an accurate measurement of their frequency. [START_REF] Sinogeikin | Sound Velocity Measurements on Laser-Heated MgO and Al2O3[END_REF][START_REF] Li | Brillouin Study of Acoustic Phonon Confinement in GeO2 Nanocubes[END_REF] Since the early 1990s, a large number of low-frequency Raman spectroscopy studies have been carried out to investigate the acoustic vibrations of nanoparticles. [START_REF] Portales | Resonant Raman Scattering by Breathing Modes of Metal Nanoparticles[END_REF][START_REF] Saviot | Size-Selective Resonant Raman Scattering in CdS Doped Glasses[END_REF][START_REF] Duval | Vibration Eigenmodes and Size of Microcrystallites in Glass : Observation by Very-Low-Frequency Raman Scattering[END_REF][START_REF] Boukenter | Low-Frequency Raman Scattering in a Nucleate Cordierite Glass[END_REF] Initial investigations were mainly conducted on nanosphere assemblies, and interpreted in the framework of Lamb theory, developed at the end of the 19 th century to model the vibrations of an elastically isotropic sphere. [START_REF] Lamb | On the Vibrations of an Elastic Sphere[END_REF] Although this theory is based on continuum mechanics, it has been shown to correctly describe the vibrations of spherical nanoparticles, even for diameters as small as 1 nm. [START_REF] Juvé | Probing Elasticity at the Nanoscale: Terahertz Acoustic Vibration of Small Metal Nanoparticles[END_REF][START_REF] Martinet | Performances of the Lamb Model to Describe the Vibrations of Gold Quantum-Sized Clusters[END_REF] Lamb theory classifies vibration modes into torsional and spheroidal categories, and indexes them with l and n integers (angular momentum and radial numbers). Their associated frequencies can be written as , where is a dimensionless proportionality factor depending on the considered vibrational mode, is the velocity of sound (longitudinal or transverse) in the material, and is the diameter of the particle. [START_REF] Saviot | Acoustic Vibrations in Nanoparticles[END_REF] However, these vibrational modes do not all scatter light inelastically. In the case of object shapes presenting symmetries, group theory assigns an irreducible representation to each mode allowing to predict which ones are Ramanactive, based on selection rules obtained by assuming a uniform internal electric field inside the nanoparticles. When applied to elastically isotropic nanospheres, this approach predicts that all torsional modes are Raman-inactive and that, among the spheroidal ones, only l (breathing) and l (quadrupolar) modes are Raman-active. [START_REF] Duval | Far-Infrared and Raman Vibrational Transitions of a Solid Sphere: Selection Rules[END_REF] Experiments on glassembedded metal nanospheres have confirmed the validity of these selection rules and shown that the fundamental l quadrupolar mode is usually dominant. [START_REF] Crut | Vibrations of Spherical Core-Shell Nanoparticles[END_REF] This mode presents a 2* + 1 = 5 degeneracy for an elastically isotropic sphere (the situation considered by the Lamb model). This degeneracy is partly lifted for nanoparticles whose shape presents a lower symmetry (e.g. when considering ellipsoidal shapes instead of spherical ones), [START_REF] Martinet | Performances of the Lamb Model to Describe the Vibrations of Gold Quantum-Sized Clusters[END_REF][START_REF] Margueritat | Surface Plasmons and Vibrations of Self-Assembled Silver Nanocolumns[END_REF] or for nanospheres with crystalline anisotropy (as crystallinity leads to different sound velocities for acoustic phonons propagating along different crystallographic directions). [START_REF] Portales | Probing Atomic Ordering and Multiple Twinning in Metal Nanocrystals through Their Vibrations[END_REF] As a result of these effects, the quadrupolar mode of an elastically isotropic sphere may split into up to five modes for nanoparticles with more anisotropic shapes and/or elasticities. For example, it splits into two distinct modes with E g and T 2g irreducible representations for nanospheres with cubic crystallinity (e.g., monocrystalline gold nanospheres). [START_REF] Portales | Probing Atomic Ordering and Multiple Twinning in Metal Nanocrystals through Their Vibrations[END_REF] The frequencies and displacement fields associated to the vibrational modes of nanoparticles with non-spherical shape and/or crystalline anisotropy can be calculated using numerical methods and assigned to a point group symmetry. The experimental frequencies of detected modes are generally in agreement with computed ones. However, determining which vibrational modes are Raman-active is more challenging as usual selection rules, which rely on the assumption of a uniform electric field in the nanoparticles (well verified only for small nanospheres located in a homogeneous environment), may be misleading in the case of nanoparticles with non-spherical shapes or surrounded by an inhomogeneous environment. [START_REF] Girard | Inelastic Light Scattering by Multiple Vibrational Modes in Individual Gold Nanodimers[END_REF] Furthermore, our recent work has demonstrated that an inhomogeneity of the internal electric field induced by the presence of a neighbouring nanoparticle allows the observation of light scattering by vibration modes which are undetectable in the case of well-separated nanoparticles. [START_REF] Girard | Mechanisms of Resonant Low Frequency Raman Scattering from Metallic Nanoparticle Lamb Modes[END_REF][START_REF] Girard | Acoustic Mode Hybridization in a Single Dimer of Gold Nanoparticles[END_REF] Tracking the appearance of new features in the inelastic light scattering spectra of nanoparticles is therefore a way to follow the change of the internal electric field induced by a modification of their environment.

Most previous inelastic light scattering studies have been carried out on assemblies of nanoparticles. In this case, the measured inelastic spectra are affected by the size, shape, crystallinity and orientation distributions of the nanoparticles being investigated, as well as by their acoustic and optical interactions, which typically lead to an inhomogeneous broadening of the peaks. An effective way to overcome these spurious effects is to perform vibrational investigations on single particles. This approach has now become standard in the field of time-resolved spectroscopy, [START_REF] Dijk | Detection of Acoustic Oscillations of Single Gold Nanospheres by Time-Resolved Interferometry[END_REF][START_REF] Staleva | Transient Absorption Studies of Single Silver Nanocubes[END_REF][START_REF] Medeghini | Controlling the Quality Factor of a Single Acoustic Nanoresonator by Tuning Its Morphology[END_REF] but has only been recently introduced in the context of Raman spectroscopy. [START_REF] Girard | Inelastic Light Scattering by Multiple Vibrational Modes in Individual Gold Nanodimers[END_REF][START_REF] Girard | Acoustic Mode Hybridization in a Single Dimer of Gold Nanoparticles[END_REF] High-resolution electron energy loss spectroscopy (EELS) has also been recently used to map the vibrational modes in single MgO structures, [START_REF] Hörl | Tomographic Imaging of the Photonic Environment of Plasmonic Nanoparticles[END_REF] allowing the 3D reconstruction of the phononic surface electromagnetic fields. [START_REF] Li | Three-Dimensional Vectorial Imaging of Surface Phonon Polaritons[END_REF] Although this technique achieves unprecedented spatial resolution, its implementation is time-consuming and it cannot be easily applied to the systematic studies of nanoparticle vibrations.

We report here ultra-low-frequency Raman spectroscopy measurements on single monocrystalline Au nanoparticles with cuboidal shapes, supported on a thin silica membrane, complemented by extensive characterizations of their morphology and crystallinity by electron microscopy and tomography and theoretical modelling of their vibrational and optical properties. The results described in this paper were obtained on four distinct nanoparticles:

two well-isolated ones with different shapes (referred to as NPr and NPc), and two other ones (NPcs and NPrs) very similar to NPr and NPc in terms of shape but located near a step of the silica substrate supporting them, making their environment more anisotropic (the indices "r"

and "c" stand for round and cubic, and "s" for step).

Materials and Methods

The PVP-coated, cubic shaped gold nanoparticles with a nominal edge size of 100 nm used in this work were purchased from Nanopartz (Loveland, CO, USA). A 5 µL drop of the commercial solution diluted 100 times in water was deposited on a 40 nm thick SiO 2 TEM membrane and left to dry for several minutes. This procedure allows for a distribution of particles generally separated by at least 2 µm from each other. The position of each particle of interest on the SiO 2 film was initially identified by low-magnification TEM (see Figure S2 in Supporting Information).

Low-frequency Raman Spectroscopy

The sample was positioned on a capacitive piezo-electric translation stage placed above the objective lens of an inverted optical microscope with an entrance connected to a solid-state laser (λ = 660 nm, filtered with a TABAL temperature filter) and an exit connected 

Transmission Electron Microscopy and Electron Tomography

After the low-frequency measurements on the chosen particles, the size, shape, and crystallinity of the particles were characterized with TEM and Selected Area Electron Diffraction (SAED), using a JEOL 2100 microscope operating at 200 kV.

Electron Tomography was performed to have an accurate measure of the three dimensions of the particles. Initially, 5 nm gold nanoparticles were deposited on the SiO 2 grid to serve as fiducial markers for the alignment step. Electron tomography was carried out with a high tilt sample holder using a spherical aberration (Cs) corrected ThermoFischer Titan ETEM (80-300 keV)microscope operating at 300 kV in the STEM-HAADF mode in high vacuum. The acquisition of tilt series was done semi-automatically using the electron tomography plugin of the TIA software, which controls the tilting step by step with a 2º increment. The defocusing and specimen drift were adjusted manually. The recorded images of the tilted series were aligned using the IMOD software. [START_REF] Kremer | Computer Visualization of Three-Dimensional Image Data Using IMOD[END_REF] The volume reconstruction was done using 15 interactions of the OS-ART algorithm [START_REF] Gordon | Algebraic Reconstruction Techniques (ART) for Three-Dimensional Electron Microscopy and X-Ray Photography[END_REF] implemented via the TomoJ plugin [START_REF] Messaoudil | Tomography Software for Three-Dimensional Reconstruction in Transmission Electron Microscopy[END_REF] working in the ImageJ software. Finally, segmentation and quantification were performed with ImageJ tools [START_REF] Arganda-Carreras | 3D Reconstruction of Histological Sections: Application to Mammary Gland Tissue[END_REF] and 3D Slicer. [START_REF] Fedorov | 3D Slicer as an Image Computing Platform for the Quantitative Imaging Network[END_REF] The x and y lengths (Table 1) of the particles were extracted from the TEM images, by measuring the length of a line joining the midpoints of two parallel faces. The z lengths of NPc and NPrs were evaluated by electron tomography. Since the tilt-angle of the electron tomography sample-holder is limited (-70º to 70º), a direct measurement of the z length is not possible, [START_REF] Ercius | Electron Tomography: A Three-Dimensional Analytic Tool for Hard and Soft Materials Research[END_REF] but can be estimated by the 3D reconstruction procedure performed with the softwares cited above. The z lengths of NPr and NPcs were estimated initially by taking TEM images of these particles tilted at high angles and using a geometric relation between x, y, z and the tilt angle. Afterwards, when the tomography of NPc and NPrs was performed, it was observed that this method underestimated the z length by around 15%, thus the z of NPcs and NPr were adjusted considering this difference. The 3D shape of NPr and NPcs could not be evaluated with electron tomography due to the degradation of the sample after several measurements with an intense electron beam used to perform electron diffraction and high magnification imaging. The volume is deduced using the superquadrics model with the measured edge lengths Lx, Ly and Lz and the form factor n. n=2 for a sphere and tends to infinity for a rectangular parallelepiped.

Simulations

All FEM simulations described in the main text and the Supplementary Information kg/m³ density were used for gold. The data used as dielectric constant of gold is described in reference 48. [START_REF] Johnson | Optical Constant of the Nobel Metals[END_REF] In these simulations, NPc shape was defined using a .stl file summarizing the results of its electron tomography characterization, and its vibrational eigenmodes were computed using stress-free boundary conditions on its surface. Calculations of the internal electric field distributions in cuboid nanoparticles (shown in Fig. 3) were performed using the Radio Frequency module of COMSOL. Illumination of the nanoparticles by a linearly polarised plane wave was considered in these simulations, and their inhomogeneous environment was explicitly included. A perfectly matched layer was defined at the border of the simulation domain to avoid spurious reflection effects.

Acoustic simulations involving more symmetric nanoparticle shapes allowing grouptheory based discussions of the Raman activity of vibrational modes were done by considering superquadratic shapes defined by . The calculation of their vibrations was performed using the Rayleigh-Ritz variational approach, considering stress-free boundary conditions at the nanoparticle surface. For the cubic approximation, equal edge lengths ( were considered, the form factor n being determined for each investigated nanoparticle from the ratio of the lengths along the [110] and

[100] directions in TEM images. For the orthorhombic approximation, the same n value was used with the measured values of , and . The details of the method are given in reference 49. The morphological parameters deduced from the TEM micrographs and considered in the numerical simulations for each nanoparticle (edge lengths Lx, Ly and Lz, and form factor n, determined from the ratio of the nanoparticle lengths along the [110] and [100] directions and quantifying its curvature ) are listed in Table 1. The volume of each nanoparticle was deduced from its estimated Lx, Ly and Lz and n values, assuming a superquadratic shape (see the Methods part). [START_REF] Saviot | Free Vibrations of Anisotropic Nano-Objects with Rounded or Sharp Corners[END_REF] A single characteristic length was deduced for each investigated nanoparticle by taking the cube root of its estimated volume. These characteristic lengths were used to normalize the vibrational frequencies measured for the four nanoparticles considered in this work (velocities expected to be size-independent being obtained by multiplying frequencies with the characteristic length) in order to more easily compare their vibrational spectra. together with the normalised frequencies of the acoustic modes computed for different shapes ranging from a spherical to an orthorhombic one (simulations based on the shape of NPc estimated by electron tomography being also presented in the Supplementary Information).

Results and discussion

As no significant change in the inelastic signal with varying polarisation was detected for NPr and NPc, only the spectra obtained at a polarisation angle of 0º are depicted in Figure 2(a-b) (measurements with other polarizations being shown in Figure 3). 1). All frequencies were normalized by multiplying them by the cube root of the volume (characteristic length) of each particle, resulting in an x-axis expressed in velocity unit (m/s).

The experimental spectra measured on NPr and NPc show close similarities, with two main bands in each case, centered at velocities about 615 and 970 m/s for NPr and 630 and 1000 m/s for NPc. These observations are in good agreement with theoretical predictions for monocrystalline gold nanospheres and nanocubes. Indeed, for nanospheres, two Raman-active modes with a frequency ratio of about 1.5 are predicted by selection rules in the spectral range of the experiments, namely the acoustic modes E g and T 2g resulting from the crystallinityinduced splitting of the =2 mode of an isotropic sphere (Figure 2(c-d)). This splitting has already been observed in the case of assemblies of monocrystalline spherical gold nanoparticles. [START_REF] Li | Three-Dimensional Vectorial Imaging of Surface Phonon Polaritons[END_REF] When the shape of a crystalline nanoparticle changes from a sphere to a cube of similar characteristic length, the =2 mode also splits into the E g and T 2g modes

(Figure 2(e)).
Apart from these main features, which are well explained by the consideration of perfect and highly symmetrical nanoparticle shapes (nanospheres and nanocubes) in the analysis, the spectra measured on NPr and NPc also present substructures never observed before in ensemble measurements. In the case of NPr, the lowest frequency peak is in fact made up of three distinct and partially overlapping peaks, while for NPc an additional lowamplitude peak is observable at 710 m/s. The observation of additional spectral features as compared to those predicted by the usual Raman selection rules for nanospheres and nanocubes is not surprising, considering that the nanoparticles investigated in this study are neither perfect nanocubes nor perfect nanospheres.

To investigate the effect of non-ideal nanoparticle morphologies, complementary numerical acoustic simulations were performed using an approach based on the description of the nanoparticles using an orthorhombic shape (associated with the D 2h point group and described with the superquadric model), accounting for the different x, y and z edge lengths of the investigated nanoparticles (Table 1), and thus representing a better approximation of the actual nanoparticle shapes than the cubic one. The reduced symmetry of the orthorhombic shape as compared to the cubic one lifts the degeneracy of some nanocube vibrational modes, which is required to assign the observed peaks, while still allowing the use of selection rules to predict Raman activities.

The frequencies calculated for orthorhombic symmetry allow us to assign to each mode an irreducible representation based on group theory (Figure 2(f)). Three Raman-active A g modes with close frequencies are predicted near 600 m/s instead of a single E g mode in the cubic symmetry case, which provides a way to explain the experimental observations listed above. The two lower frequency A g modes arise from the splitting of the cubic E g vibration (degeneracy 2). The other A g mode comes from a torsional mode of the sphere. It becomes Raman-active when the symmetry is lowered. Several Raman-active modes (with A g , B 1g , B 2g and B 3g irreducible representations) are predicted near 1000 m/s, corresponding to the position of the second main experimental peak. They result from the splitting of the T 2g (degeneracy 3) and E g cubic modes. It is difficult at this stage to assign the experimental peak to one of these modes, but we can point out that the calculated frequencies of the A g modes are closer.

We also analyzed two other nanoparticles: NPcs, which is similar in size and shape to At a polarisation angle of 0º, the inelastic light scattering spectra measured for the cubic particles NPc and NPcs are very similar. The acoustic vibrational modes observed at 600 and 1000 m/s for NPcs are assigned as the peaks observed for NPc. However, when the polarisation angles are changed, the spectra of NPcs are strongly modified and differ significantly from those measured on NPc, which do not vary much with polarisation (Figure 3 (a)). Two peaks appear in the low-velocity range near 600 m/s, while at higher velocities a peak at 880 m/s appears and the peak at 1000 m/s disappears. Usual selection rules predict that there are no Raman-active vibrations close to 600 m/s. The only other vibration modes in this frequency range come from the =2 torsional mode of the sphere, which splits into B 1u , B 2u and B 3u modes for orthorhombic shape (Figure 2(g)). One possible explanation for the detection of such modes, predicted to be Raman-inactive by usual selection rules, is that the electric field distribution inside NPcs differs largely from the homogeneous one assumed to derive the selection rules, which are therefore probably not valid in this case.

A similar behaviour is observed for NPrs when compared to NPr. We observe that an additional mode appears in the low-velocity range for the considered polarization angles. The two low-frequency modes at 615 and 670 m/s can be assigned to the A g and B 3u modes in the framework of orthorhombic shape models. In contrast to NPcs, in the high-velocity range, the mode at 1010 m/s (B 1g ) is still observed but its intensity changes with varying polarisation.

For both NPcs and NPrs, modes that are not predicted to be Raman-active by usual selection rules for an orthorhombic shape are detected. Their appearance for NPcs and NPrs can be ascribed to the presence of the 40 nm SiO 2 step. The presence of this step can have two potential effects, as it can affect both the movement of the particles (mechanical effect) and the electric field distribution within them (optical effect). Although a mechanical effect of the silica step cannot be completely excluded, it is expected to be small as the nanoparticles used in this study are covered with a 2 nm polymer layer (Figure 1) that can act as a mechanical insulator between the cubes, the step, and the surface. Conversely, we have recently demonstrated that the internal electric field plays an important role in the Raman scattering cross-section of metal nanospheres. [START_REF] Girard | Mechanical Coupling in Gold Nanoparticles Supermolecules Revealed by Plasmon-Enhanced Ultralow Frequency Raman Spectroscopy[END_REF][START_REF] Girard | Acoustic Mode Hybridization in a Single Dimer of Gold Nanoparticles[END_REF] One can thus expect that the detection of new modes in the presence of the step is related to the decrease of the symmetry of the internal electric field that it induces.

The modification of the inelastic response of NPcs as a function of polarization angle can be explained by considering the influence of the SiO 2 step on its internal electric field (Figure 3 (c) and (d)). When the polarisation becomes more parallel to the SiO 2 step (0º angle), an inelastic light scattering spectrum like the one obtained for NPc is obtained. In this case, optical FEM calculations predict no significant change of the internal electric field distribution compared to a supported particle. When the polarisation is perpendicular to the SiO 2 step, a strong modification of the inelastic response appears. In the case of NPrs, the three polarisation angles used for measurements correspond to directions more perpendicular to the step (see Figure 1(h)). As shown in Figure 3(d), with the presence of the step, the internal electric field of the particle becomes strongly asymmetric. The joint effects of the SiO 2 substrate, step and the nanoparticle shape thus allow the observation of modes that are not usually active in Raman spectroscopy.

The modification of the internal electrical field due to the influence of the SiO 2 substrate could also contribute to the appearance of substructures in the low-frequency range for NPr and NPc. The SiO 2 substrate can change the symmetry of the electric field inside the particles, as only one face of the cuboid particle is in contact with the surface and hot spots can form near the edges of the cuboids. The electrical field distributions inside a cubic particle deposited on a 40 nm SiO 2 substrate were also calculated for polarisation angles of 0º (along the [110] direction) and 45º (along the face of the cube) and are depicted in Figure 3(c). A strong field gradient is indeed observed near the surface in contact with the substrate. This may be an additional factor favouring the appearance of additional peaks in the spectra.

Conclusion

In conclusion, the acoustic vibrations of single nanoparticles were studied by lowfrequency Raman nano-spectrometry and the observed vibration modes were identified.

Inelastic light scattering spectra composed of two main peaks were obtained and ascribed to a crystallinity-induced splitting of the quadrupolar mode usually dominating the Raman scattering spectra of spherical nanoparticles. Apart from this effect which had already been highlighted by previous experiments on assemblies of nanoparticles, our experimental spectra also presented subtler features associated to shape and environment effects. On the one hand, shape anisotropy (here associated to slightly different nanoparticle lengths along their three axes) was seen to induce additional degeneracy lifting of vibrational modes. On the other hand, the additional inhomogeneity of nanoparticle environment originating from the presence of a silica step at their vicinity was found to induce a polarisation-dependence of their inelastic scattering spectra and to allow the detection of modes predicted to be Ramaninactive by usual selection rules. This result was interpreted as the consequence of the modification of the distribution of the internal electric field by an inhomogeneous environment and opens the way to controlling the inelastic light scattering properties of nanoparticles by modification of their local environment. Even though only a limited number of particles and polarization angles could be investigated in this study due to the difficulty in controlling the positions of the particles and their surrounding environment, these results already show interesting features that were substantially supported by theoretical modelling.

Although more quantitative models to account for the relation between the internal electric field of non-spherical nanoparticles and their inelastic light scattering spectra have yet to be

  to a Brillouin spectrometer (Tandem Fabry-Perot from JRS Scientific Instruments). The laser light was focused on the sample with the objective lens (x100) with a NA = 0.95 numerical aperture. The position of the individual particles was retrieved by confocal mapping (FigureS3), with a laser power of 100 µW. Low-frequency Raman spectroscopy was performed at the single-particle level, with a laser power of 20 mW. A light power of about 0.4 mW at the level of the sample was used, allowing long measurements (2 to 6 hours) without damaging the particles, as confirmed by TEM observations performed before and after the inelastic light scattering measurements. The experiments reported here were measured within the spectral range of -22.5 to 22.5 GHz. A rotator of polarization was used to investigate the influence of polarization of incident light on the inelastic light scattering spectra of the nanoparticles. To avoid the risk of sample degradation due to the long acquisition time, measurements were performed using only three different polarization angles for each nanoparticle. Note that the crystalline orientation of the nanoparticles in relation to the polarization angles was not known at this stage of the experiments. The experimental configuration is schematically shown in FigureS1.

  were performed using the COMSOL commercial software. The vibrational simulations whose results are shown in Figure S6 were done using the Structural Mechanics module of COMSOL. C 11 = 191 GPa, C 12 = 162 GPa, C 44 = 42.4 GPa elastic parameters and 19283

Figure 1

 1 Figure1shows the complete morphological characterization of these four particles.NPc and NPcs are cubic-shaped with round corners and well-defined edges (Figure1(b-c, d)), whereas NPr and NPrs are closer to a spherical shape (Figure1(a, e-f)). All nanoparticles are monocrystalline (see diffraction patterns in Supp. Information).

Figure 1 .

 1 Figure 1. (a) Bright-field TEM image of NPr, (b) NPc, and (c) 3D model of NPc. (d) Bright-field TEM image of NPcs, (e) NPrs and (f) 3D model of NPrs. TEM images show that the particles are surrounded by a PVP layer of less than 2 nm thickness. (g) Low-magnification TEM image of the region in which NPcs and NPrs are located, where the SiO 2 film is folded. (h) Magnified images of NPcs and NPrs, showing the relation between particle position and polarization angles (red arrows). The dash-dotted lines represent the folded SiO 2 film. A scheme shows the relationship between the polarisation angles (blue) and the crystallographic directions of an Au particle in the Fm-3m space group (225).

Figure 2

 2 Figure 2 shows the inelastic light scattering spectra of NPr and NPc obtained for an incident light polarisation angle of 0º, i.e. parallel to the crystallographic direction [110],

Figure 2 .

 2 Figure 2. Low-frequency inelastic light scattering spectra of (a) NPr and (b) NPc measured with incident light polarised at 0º (along the crystallographic direction [110]). Expected Raman-active vibrational modes of (c) an elastically isotropic gold sphere, (d) an elastically anisotropic gold sphere, and (e) an elastically anisotropic gold cube. (f) Vibrational modes calculated considering a cuboid of lengths x ≠ y ≠ z (orthorhombic symmetry). The irreducible representation of the modes is indicated; the solid and hollow symbols respectively represent the modes predicted to be Raman-active and non-Raman-active by usual selection rules, respectively, for the orthorhombic symmetry case. The values of x, y, and z are those obtained for the reconstructed form of NPc (see

NPc (Figure 1

 1 (d)), and NPrs, which is similar in shape to NPr but larger (Figure1(e-f)). NPcs and NPrs are located in a region of the sample where the SiO 2 film supporting the deposited nanoparticles is folded, forming a step right next to the particles (Figure1(g)). Although such folding was not performed intentionally, it was very beneficial to this work as it allowed us to investigate how a strongly inhomogeneous environment affects inelastic light scattering by single nanoparticles.

Figure 3 (

 3 Figure 3(a) and (b) show the low-frequency spectra of NPcs and NPrs as a function of incident polarisation. The spectra of NPc and NPr (presented in Figure 2 (a-b) in the case of 0° polarization angles), are also depicted in this figure, to facilitate comparison of the spectra measured with and without the silica step.

Figure 3 .

 3 Figure 3. (a) Low-frequency inelastic scattering spectra of NPc and NPcs measured with incident light polarized at 0º, i.e., along the crystallographic direction [110], 22.5º and 45º. (b) Low-frequency spectra of NPr and NPrs taken with incident light polarized at 0º, 22.5º, 45º, and -22.5º. (c) FEM-computed internal electric field of cuboid nanoparticles. This figure shows the internal electric field of a cuboidal Au particle deposited on a 40 nm thick SiO 2 substrate as a function of the polarisation direction. The simulations show cross-sectional views in the xz plane. (d) FEM-computed internal electric field distribution of a cuboid nanoparticle at the vicinity of a silicastep. This image shows the absolute value of the difference between the internal electric field of an Au particle standing next to a 40 nm silica step and a particle where only the SiO 2 substrate is present. E 0 is the amplitude of the incident electric field. A superquadric shape, close to the shape estimated by EM tomography, was used for the calculation.

Table 1 :

 1 Nanoparticle size values, characteristic lengths and form factors

	Particle	Lx	Edge length (nm) Ly	Lz	Form factor n	Volume 1/3 (nm)
	NPr	84 ± 2	88 ± 2		85 ± 3	2.3	72 ± 2
	NPc	78 ± 2	86 ± 2		79 ± 3	4.7	77 ± 3
	NPcs	75 ± 2	80 ± 2		76 ± 3	4.6	73 ± 2
	NPrs	105 ± 2	103 ± 2	106 ± 3	2.2	87 ± 3
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developed, this work demonstrates that it is possible to nano-engineer opto-acoustic properties at the scale of a single nanoparticle. 
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