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To be Raman-active (or, more generally, detectable using optical spectroscopy techniques), a vibrational mode of a nanosystem has to modulate its optical response. For small, isolated nanospheres, this is the case for only two categories of vibrational modes, namely quadrupolar and radial ones. However, assembling nanospheres as dimers makes additional modes Raman-active, as previously demonstrated by the detection in the ultralow frequency range of a hybridized quasi-translation mode in previous measurements on single and ensembles of gold nanosphere dimers. In the present work, we use our recently developed single-particle Raman spectroscopy setup to compare inelastic light scattering by single isolated and dimerized gold nanospheres in an extended frequency range (0-40 GHz). The Raman spectra acquired on isolated nanoparticles present a single peak associated to their fundamental quadrupolar mode, consistently with previous ensemble measurements. In contrast, the spectra measured on dimers are richer and display a number of peaks increasing with decreasing interparticle distance, with all 𝑙 = 2 -8 Lamb modes detected in the quasicontact case. These observations are rationalized using a recently developed classical model of inelastic light scattering by nanospheres. Importantly, our modeling approach takes into account the real electric field within the nanoparticles

(computed using standard or generalized Mie theories) instead of relying on the frequently used Born and quasistatic approximations. This ingredient appears decisive for reaching a qualitative understanding of the measured spectra, explaining in particular the dominance of the 𝑙 = 2 quadrupolar mode for isolated spheres and the increasing contribution of higher-order modes for increasing electromagnetic interactions in nanosphere dimers.

The discrete acoustic vibrational modes of nano-objects have been attracting great interest for the last two decades. A key motivation underlying the study of their frequencies and damping rates is the information that they carry about the vibrating nano-objects themselves (since they depend on nano-object size [START_REF] Hodak | Spectroscopy and Dynamics of Nanometer-Sized Noble Metal Particles[END_REF][START_REF] Del Fatti | Coherent acoustic mode oscillation and damping in silver nanoparticles[END_REF][START_REF] Juvé | Probing Elasticity at the Nanoscale: Terahertz Acoustic Vibration of Small Metal Nanoparticles[END_REF][START_REF] Fujii | Low-frequency Raman scattering from small silver particles embedded in SiO_2 thin films[END_REF][START_REF] Duval | Spatial coherence effect on the low-frequency Raman scattering from metallic nanoclusters[END_REF][START_REF] Portales | Resonant Raman scattering by breathing modes of metal nanoparticles[END_REF][START_REF] Bachelier | Size dispersion effects on the low-frequency Raman scattering of quasispherical silver nanoparticles: Experiment and theory[END_REF] , shape [START_REF] Hu | Vibrational Response of Nanorods to Ultrafast Laser Induced Heating: Theoretical and Experimental Analysis[END_REF][START_REF] Margueritat | From silver nanolentils to nanocolumns: surface plasmon-polaritons and confined acoustic vibrations[END_REF][START_REF] Margueritat | Surface Plasmons and Vibrations of Self-Assembled Silver Nanocolumns[END_REF][START_REF] Pelton | Damping of acoustic vibrations in gold nanoparticles[END_REF] and crystallinity [START_REF] Portalès | Crystallinity Segregation upon Selective Self-Assembling of Gold Colloidal Single Nanocrystals[END_REF][START_REF] Portales | Probing atomic ordering and multiple twinning in metal nanocrystals through their vibrations[END_REF][START_REF] Stephanidis | Vibrations of nanoparticles: From nanospheres to fcc cuboctahedra[END_REF][START_REF] Crut | Anisotropy effects on the time-resolved spectroscopy of the acoustic vibrations of nanoobjects[END_REF][START_REF] Yi | Polycrystallinity of Lithographically Fabricated Plasmonic Nanostructures Dominates Their Acoustic Vibrational Damping[END_REF] ) and their close environment (as they are sensitive to the elastic [START_REF] Voisin | Environment effect on the acoustic vibration of metal nanoparticles[END_REF][START_REF] Girard | Contact laws between nanoparticles: the elasticity of a nanopowder[END_REF] or viscoelastic [START_REF] Pelton | Viscoelastic Flows in Simple Liquids Generated by Vibrating Nanostructures[END_REF] properties of the environment, the nano-object encapsulation by a solid shell [START_REF] Mongin | Acoustic vibrations of metal-dielectric core-shell nanoparticles[END_REF][START_REF] Fernandes | Acoustic Vibrations of Core-Shell Nanospheres: Probing the Mechanical Contact at the Metal-Dielectric Interface[END_REF] or organic ligands [START_REF] Girard | The mass load effect on the resonant acoustic frequencies of colloidal semiconductor nanoplatelets[END_REF][START_REF] Girard | Environmental effects on the natural vibrations of nanoplatelets: a high pressure study[END_REF] and the presence of other nano-objects at vicinity [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][START_REF] Yi | Vibrational coupling in plasmonic molecules[END_REF] ).

The vibrational properties of nano-objects are usually investigated using optical techniques working either in the time (time-resolved pump-probe spectroscopy) or frequency (Raman/Brillouin spectroscopies) domains. These two approaches strongly differ by the way vibrations are generated, since vibrational mode excitation is achieved coherently by a pump light pulse in the former case, and thermally in the latter one. However, these modes are detected in both cases through the modulation of the optical response of nano-objects that they induce [START_REF] Mattarelli | Mechanism of low-frequency Raman scattering from the acoustic vibrations of dielectric nanoparticles[END_REF][START_REF] Montagna | Raman scattering from small spherical particles[END_REF][START_REF] Montagna | Brillouin and Raman scattering from the acoustic vibrations of spherical particles with a size comparable to the wavelength of the light[END_REF][START_REF] Crut | Acoustic vibrations of metal nano-objects: Timedomain investigations[END_REF][START_REF] Ahmed | Understanding How Acoustic Vibrations Modulate the Optical Response of Plasmonic Metal Nanoparticles[END_REF] . Indeed, inelastic light scattering by the vibrational modes of molecules and small nanoparticles is classically interpreted in the context of Raman spectroscopy as a modulation of scattering efficiency resulting from the periodic polarizability changes that they induce [START_REF] Herzberg | Molecular Spectra and Molecular Structure: Spectra of diatomic molecules[END_REF] , whereas in pump-probe spectroscopy vibrations are detected as oscillations of the transmission or reflection of a probe pulse measured as a function of pump-probe delay [START_REF] Hodak | Spectroscopy and Dynamics of Nanometer-Sized Noble Metal Particles[END_REF][START_REF] Del Fatti | Coherent acoustic mode oscillation and damping in silver nanoparticles[END_REF] . The strength of these modulations strongly depends on the considered nanosystem and vibrational mode. For instance, in the case of nanospheres much smaller than light wavelength, only Lamb modes with 𝑙 = 2 and (with a smaller intensity) 𝑙 = 0 angular momentum numbers are detectable using Raman spectroscopy, selection rules predicting the other modes to be Raman-inactive [START_REF] Duval | Far-infrared and Raman vibrational transitions of a solid sphere: Selection rules[END_REF] .

In this context, nanoparticle dimers constitute particularly interesting systems, as they enable the detection of additional modes as compared to isolated nanoparticles. For instance, the quasi-translation vibrational modes (𝑙 = 1 Lamb modes) of nanospheres in a homogeneous matrix, which are not observable using Raman or time-resolved spectroscopies, become optically detectable on nanodimers [START_REF] Girard | Mechanical Coupling in Gold Nanoparticles Supermolecules Revealed by Plasmon-Enhanced Ultralow Frequency Raman Spectroscopy[END_REF][START_REF] Tchebotareva | Acoustic and Optical Modes of Single Dumbbells of Gold Nanoparticles[END_REF] and single nanospheres above a plane substrate [START_REF] Guillet | All-optical ultrafast spectroscopy of a single nanoparticle-substrate contact[END_REF][START_REF] Deacon | Interrogating Nanojunctions Using Ultraconfined Acoustoplasmonic Coupling[END_REF] . This observation qualitatively results from the modification upon nanoparticle translations of the interparticle (or particle/substrate) gap properties, which strongly affect the optical response of these systems [START_REF] Nordlander | Plasmon hybridization in nanoparticle dimers[END_REF][START_REF] Sönnichsen | A molecular ruler based on plasmon coupling of single gold and silver nanoparticles[END_REF][START_REF] Benz | Nanooptics of molecular-shunted plasmonic nanojunctions[END_REF] .

In a recent work, we investigated in detail the hybridization of these 𝑙 = 1 acoustic modes in dimers by measuring the ultra-low frequency (<15 GHz) inelastic scattering of single nanosystems (isolated nanoparticles and nanodimers) [START_REF] Girard | Acoustic Mode Hybridization in a Single Dimer of Gold Nanoparticles[END_REF] and analyzing the effect of interparticle interactions on their associated frequencies, damping rates and displacement fields using numerical acoustic simulations. Here, we extend these measurements to higher frequencies (up to 45 GHz). We show in particular that single dimers made of nanoparticles in quasi-contact yield rich Raman spectra displaying several peaks in this spectral region, corresponding to acoustic modes with 𝑙 = 2 to 𝑙 = 8 angular momentum numbers. These experimental spectra are compared with those computed in the framework of a recently developed model of Raman scattering by nanoparticles considering the inhomogeneities of the electromagnetic field inside the nanoparticles [START_REF] Girard | Mechanisms of resonant low frequency Raman scattering from metallic nanoparticle Lamb modes[END_REF] , allowing a better understanding of the presence and relative amplitudes of the detected peaks.

The used nanoparticle synthesis and sample preparation methods have already been described in detail in previous reports [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] . The samples consist in transmission electron microscopy (TEM) substrates with a 40 nm silica membrane, on which a 5 µL drop of a diluted solution of about 100 nm diameter gold nanoparticles coated with polyvinylpyrrolidone (PVP) is deposited and left to dry for several hours. Such preparation process allows to statistically obtain nanoparticle dimers (or more complex oligomers) separated from each other by a distance larger than 2 µm allowing their selective study using diffraction-limited optical techniques. The morphological, optical and acoustic properties of such nanodimers, as well as those of isolated single nanoparticles, were characterized using a multistep protocol. First, nanosystems of interest were located by low-magnification TEM. Second, spatial modulation spectroscopy (SMS) was used to quantitatively measure their polarization-dependent absolute extinction spectra [START_REF] Billaud | Absolute optical extinction measurements of single nano-objects by spatial modulation spectroscopy using a white lamp[END_REF] . Third, their low frequency Raman spectroscopy (LFRS) was performed at the single-nanosystem level using a 647 nm laser line. Finally, high resolution TEM observations were performed to obtain their detailed morphology. Figure 1 shows the three nanosystems considered in this work (one isolated nanoparticle and two dimers, differing by their associated inter-particle distances) as well as their respective extinction and LFRS spectra.

All the nanoparticles appearing in the TEM images shown in Figure 1 present an approximately spherical shape with a diameter of about 96 nm (see below). For the dimers, the inter-particle distance d varies from 6 nm (Dimer A) to distance lower than 1 nm (difficult to precisely estimate on the TEM image, Dimer B) (Figure 1b-c). The extinction spectrum of the isolated nanoparticle shows a resonance at 590 nm (Figure 1a), the spectral position predicted by Mie theory for the localized surface plasmon resonance (LSPR) of a 96 nm diameter gold nanoparticle immersed in a 1.5 refractive index (i.e. that of the PVP) homogeneous medium (see supplementary materials). The measured extinction spectra of the dimers (Figure 1b-c ) present the usual characteristics of these systems (intensively investigated in the past years 16,37,42- 45 , and in particular a spectral separation of their longitudinal and transverse LSPRs, which can be selectively excited by aligning the incident light polarization along the dimer axis and orthogonally to it, respectively, increasing with decreasing interparticle distance). For dimer A (Figure 1b), the transverse and longitudinal resonances are observed at 530 and 630 nm, while for dimer B (Figure 1c) these peaks are observed at 570 and 750 nm, respectively. For this latter dimer, another spectral feature is also observed at about 600 nm for light polarized along the long axis of the dimer. It corresponds to the hybridized quadrupolar mode of the dimer.

The inelastic light scattering spectra of the three investigated single nanosystems were measured for 647 nm illumination using a tandem Fabry-Perot (Figure 1d-f). The isolated nanoparticle spectrum (Figure 1d) presents a single peak at 11.0 GHz frequency, which can be unambiguously ascribed to the fundamental quadrupolar vibrational mode (corresponding to a 𝑙 = 2 angular momentum number) of the nanoparticle. Indeed, this mode was shown to dominate inelastic scattering by ensembles of non-interacting nanospheres [START_REF] Margueritat | From silver nanolentils to nanocolumns: surface plasmon-polaritons and confined acoustic vibrations[END_REF][START_REF] Portalès | Crystallinity Segregation upon Selective Self-Assembling of Gold Colloidal Single Nanocrystals[END_REF][START_REF] Stephanidis | Vibrations of nanoparticles: From nanospheres to fcc cuboctahedra[END_REF][START_REF] Courty | Vibrational coherence of selforganized silver nanocrystals in f.c.c. supra-crystals[END_REF] and its 11.0 GHz frequency predicted by Lamb theory [START_REF] Lamb | On the Vibrations of an Elastic Sphere[END_REF] for a 96 nm diameter gold nanosphere in vacuum (modified by <1% in an infinite PVP environment [START_REF] Dubrovskiy | Natural vibrations of a spherical inhomogeneity in an elastic medium[END_REF][START_REF] Saviot | Damping by Bulk and Shear Viscosity of Confined Acoustic Phonons for Nanostructures in Aqueous Solution[END_REF] ) well matches the experimental one.

Nanoparticle dimers yield richer spectra, with two peaks observed at 11.1 and 16.6 GHz for dimer A and no less than seven at 13.4, 17.5, 20, 24, 29, 35 and 40 GHz for dimer B. Association of the vibrational frequencies measured for nanodimers to vibrational modes is a priori more complex than in the isolated nanoparticle case, due to the acoustic interactions between close nanoparticles induced by the presence of a PVP layer around them. In particular, our previous work on single nanodimers have demonstrated both experimentally and theoretically that the frequencies of the quasitranslational 𝑙 =1 modes can be considerably shifted by this phenomenon [START_REF] Girard | Acoustic Mode Hybridization in a Single Dimer of Gold Nanoparticles[END_REF] . However, reproduction of these calculations for 𝑙 = 0 and 𝑙 =2-8 modes shows that their frequencies are much less impacted by acoustic interactions, undergoing <10% shifts even in the quasi-contact case. As a consequence, Lamb theory remains a relevant approximate tool for the assignment of the observed vibrational modes. Using the sound velocities for gold of vL=3330 m.s -1 and vT=1250 m.s -1 , it predicts frequencies of 11.0 GHz (𝑙 = 2), 16.5 GHz (𝑙 = 3), 21.2 GHz (𝑙 = 4), 25.6 GHz (𝑙 = 5), 29.9 GHz (𝑙 = 6), 34.1 GHz (𝑙 = 7), 38.2 GHz (𝑙 = 8) and 32.5 GHz (𝑙 = 0) for the fundamental 𝑙 = 0 and 𝑙 = 2 -8 vibrational modes of 96 nm diameter gold nanospheres. Therefore, the 11.1 and 16.6 GHz peaks observed for Dimer A can be ascribed to the fundamental 𝑙 = 2 (quadrupolar) and 𝑙 = 3 modes. The frequencies measured for Dimer B approximately correspond to those of the 𝑙 = 2 -8 Lamb modes listed above (differences with the measured frequencies having at least three possible origins: deviation of nanoparticle shape from sphericity, acoustic interactions and finite PVP shell effects [START_REF] Mongin | Acoustic vibrations of metal-dielectric core-shell nanoparticles[END_REF][START_REF] Crut | Vibrations of spherical core-shell nanoparticles[END_REF] ).

The present observations show that assembling nanospheres as dimers allows not only to detect their quadrupolar mode using Raman spectroscopy, but also additional modes which are otherwise not Raman-active, the number of which increases with the proximity of the nanoparticles. In particular, all 𝑙 = 2 -8 Lamb modes can be detected for dimers in quasi-contact. Such spectral richness was already observed in opals of large silica beads [START_REF] Mattarelli | Vibration spectroscopy of weakly interacting mesoscopic colloids[END_REF][START_REF] Kuok | Brillouin Study of the Quantization of Acoustic Modes in Nanospheres[END_REF][START_REF] Li | Micro-Brillouin scattering from a single isolated nanosphere[END_REF] , and explained by retardation effects due to the size of the beads [START_REF] Still | Eigenvibrations of Submicrometer Colloidal Spheres[END_REF] . However, it is for the first time demonstrated for metallic nanoparticles much smaller than light wavelength, for which retardation effects do not play an important role. One can speculate reasonably that the detection of multiple vibrational modes in dimers of close nanoparticles is related to electromagnetic coupling between nanoparticles, as these two effects require short interparticle distances. Nevertheless, understanding the precise mechanisms involved requires a detailed modeling of inelastic light scattering by nanoparticles. In the following, we first use the measured extinction spectra to better characterize parameters that cannot be reliably deduced from the TEM image (i.e., the local environment of the nanoparticles and the interparticle distance when it is small, as in the Dimer B case). They are then injected in a recently described classical model of inelastic light scattering by nanoparticles, describing the impact of nanoparticle vibrations on their optical response [START_REF] Girard | Mechanisms of resonant low frequency Raman scattering from metallic nanoparticle Lamb modes[END_REF] . Perfectly spherical nanoparticles in a homogeneous matrix of refractive index Nm were considered in all theoretical analyses as this situation (simpler than the actual experimental one) enables analytical modeling approaches based on standard and generalized Mie theories. The position of the dipolar LSPR resonance of an isolated spherical nanoparticle depends on both its diameter and the effective refractive index Nm of its surrounding medium. The diameters of the investigated nanoparticles (about 96 nm) being known from their TEM images (Figure 1), it is thus possible to deduce Nm for the isolated nanoparticle (Figure 1a) from its measured extinction spectrum, by comparing it with those calculated for different Nm values using the Mie theory [START_REF] Mie | Beiträge zur Optik trüber Medien, speziell kolloidaler Metallösungen[END_REF][START_REF] Bohren | Absorption and Scattering of Light by Small Particles[END_REF] (exact for any sphere size and including size-dependent retardation effects). The complex gold dielectric function measured by Johnson and Christy 57 was used for these calculations (see supplementary material). An optimal agreement is found for 𝑁 / = 1.5, i.e. close to the PVP refractive index in the visible spectral range [START_REF] Girard | Mechanical Coupling in Gold Nanoparticles Supermolecules Revealed by Plasmon-Enhanced Ultralow Frequency Raman Spectroscopy[END_REF] . Since the optical response of nanospheres is affected by their local environment on a length scale of the order of their radius, this suggests that the nanoparticle is surrounded by a PVP layer with ³50 nm thickness.

TEM images of the considered nanodimers suggest a much thinner PVP layer around the nanoparticles (see figure 1), expected to lead to a smaller 𝑁 / value. Their measured extinction spectra were analyzed using an analytical generalized Mie theory approach, previously developed for studying gold nanodimers near the conductive contact limit [START_REF] Marhaba | Surface Plasmon Resonance of Single Gold Nanodimers near the Conductive Contact Limit[END_REF] . The distance between the nanoparticles, 𝑑, is a crucial parameter in these analyses. It can be reliably deduced from the TEM image for dimer A (𝑑 = 6 nm), in which case 𝑁 / remains the only unknown parameter in the analysis, as in the isolated nanoparticle case. An optimal fit of the measured extinction spectrum of Dimer A was obtained for 𝑁 / =1.17 (a value much smaller than the PVP refractive index, as expected from the TEM image). For dimer B, 𝑑 can only be estimated roughly to 1 nm or less (i.e., in a range where the dimer optical response dramatically depends on 𝑑). 𝑑 has thus to be kept as a free parameter in the analysis. Assuming that the environment (i.e., the thickness of the PVP layer and the associated effective refractive index 𝑁 / ) of the dimers A and B are the same, we deduce an interparticle distance d = 0.9 nm for the dimer B. However, it should be mentioned that the extinction spectrum can be reproduced by other choices of 𝑁 / and d values, and a full discussion considering the effect of the inter-particle distance and the effective refractive index is presented in the supplementary materials.

Theoretical modeling of Raman spectra was then performed, with the goal of clarifying the origin of the multi-peak experimental dimer spectra rather than of quantitatively reproducing them (which would be challenging due to the complexity of the experimentally investigated situations and uncertainties on nanoparticle morphologies and environment).

The situation enabling reproduction of the measured extinction spectra was considered in this analysis, i.e. isolated and dimerized (with in this case d =6 and 0.9 nm) 96 nm diameter gold nanospheres embedded in a homogeneous transparent medium of refractive index of Nm = 1.5 and Nm =1.17 for the monomer and the dimers, respectively.

The analysis of the Raman spectra was carried out by applying the classical formalism that we recently developed [START_REF] Girard | Mechanisms of resonant low frequency Raman scattering from metallic nanoparticle Lamb modes[END_REF] , built up from the standard equations of the classical radiating dipole theory and closely related to the standard classical approach for describing elastic and inelastic scattering by molecules, liquids and solids. From a microscopic point of view, the inelastic light scattering by metal particles, in the UV-VIS-NIR spectral range, results to a great extent from the timevarying changes of their core and conduction electron densities. Such density changes follow adiabatically the slow (as compared to optical frequencies) motions of the atoms about their equilibrium positions. It is therefore assumed that the local time-varying electronic susceptibility fluctuations 𝛿𝜒(𝐫, 𝑡) in the homogeneous medium of density 𝜌 < , responsible for inelastic light scattering by acoustic vibrations, are mainly related to the tiny atomic density fluctuations 𝛿𝜌(𝐫, 𝑡) according to 𝛿𝜒(𝐫, 𝑡) = 𝜕𝜒 𝜕𝜌 ⁄ | @ A 𝛿𝜌(𝐫, 𝑡). As emphasized in our previous work, [START_REF] Girard | Mechanisms of resonant low frequency Raman scattering from metallic nanoparticle Lamb modes[END_REF] such an assumption can be supported by both the Drude conduction-electron dielectric function and the Clausius-Mossoti (Lorentz-Lorenz) formulas, where the electron and dipole volume densities appear, respectively. We will limit ourselves here to mentioning the equations deduced from this hypothesis that are useful for the present analysis. More detailed information on the model can however be found in our previous work [START_REF] Girard | Mechanisms of resonant low frequency Raman scattering from metallic nanoparticle Lamb modes[END_REF] , in particular the derivation of the relationship between the density fluctuations 𝛿𝜌 B (𝐫, 𝑡) induced by the acoustic Lamb mode 𝑎 ≡ (𝑙, 𝑛, 𝑚) and the normalized displacement field 𝐮 𝒂 (𝐫) of this mode.

Let us consider first a single gold sphere (diameter D) embedded in a homogeneous transparent matrix of dielectric index Nm subject to an incoming monochromatic linearly-polarized plane wave 𝐄 𝟎 (𝐫, 𝑡) = 𝐄 𝟎 𝑒 L(𝒌 𝟎 •𝒓P𝝎 𝟎 𝒕) (for convenience the origin O is taken at the sphere center). The contribution of each Lamb mode 𝑎 ≡ (𝑙, 𝑛, 𝑚) (with 𝑙, 𝑛 and 𝑚 the angular momentum, radial and azimuthal numbers, respectively) to the Stokes part of the m-polarized (𝐦 • 𝐮 = 0) Raman spectrum recorded at the position P (in the direction 𝐮) writes as

𝐼(𝑎) ∝ VWX(Y Z ) Y Z [𝐦 • \𝐮 × ^𝐮 × _∫ 𝑑 a 𝑟𝐄 𝒊𝒏𝒕 (𝐫)𝑒 PL𝐤•𝐫 fg@ Z (𝐫) fh Z ijk[ l (1) 
with

fg@ Z (𝐫) fh Z ∝ [𝐻(𝑅 -|𝐫|)∇ • 𝐮 B * (𝐫) -𝛿(𝑟 -𝑅)𝐮 B * (𝐫) • 𝐞 𝒓 ] (2) 
where 𝑄 B is the normal coordinate of the a-mode.

In From the analytical expression of the displacement field of the vibrational mode 𝑎 ≡ (𝑙, 𝑛, 𝑚) [START_REF] Eringen | Linear Theory[END_REF] , the 𝜕𝛿𝜌 B (𝐫) 𝜕𝑄 B ⁄ term in eqs ( 1) and ( 2) can be expressed as the sum of volume (𝑔 ~,X (•) (r)) and surface (𝑔 ~,X (•) (r)) terms

fg@ Z (𝐫) fh Z ∝ '𝑔 ~,X (•) (r) + 𝛿(r -𝑅)𝑔 ~,X (•) (r)"𝑌 ~/ * (𝜃, 𝜙) (3) 
The r-dependence of the product 𝐄 𝐢𝐧𝐭 (𝐫)𝑒 PL𝐤•𝐫 appearing in eq (1), which weights the individual wavelets scattered by each volume element of the sphere, is a key ingredient of the model. In particular, in view of eqs. ( 1) and ( 3), and of the orthogonality properties of the scalar spherical harmonics, only the components of the product 𝐄 ‹OE• (𝐫)𝑒 PL𝐤•𝐫 of angular symmetry 𝑌 ~/(𝜃, 𝜙) will contribute to the inelastic scattering from the mode a. Importantly, 𝐄 ‹OE• (𝐫) represents the real driving internal electric field responsible for the high-frequency "dipole radiation" in eq (1). In our formalism this field is exactly computed thanks to Mie theory, yielding its actual magnitude, phase and spatial inhomogeneities, rather than by resorting to either Born (𝐄 𝟎 𝑒 L𝐤 𝟎 •𝐫 taken in place of 𝐄 ‹OE• (𝐫)) or quasistatic (neglecting spatial variations of the incoming field in the nanosphere volume, which leads to uniform 𝐄 ‹OE• (𝐫)) approximations. Note that 𝐄 ‹OE• (𝐫) implicitly includes the position-dependent phase factor of the incoming field, so that the exchanged wave-vector 𝐪 = 𝐤 < -𝐤 does not appear explicitly in eq (1).

It should be emphasized that our modeling is indeed closely related to the Brillouin mechanism described for instance in refs [START_REF] Montagna | Brillouin and Raman scattering from the acoustic vibrations of spherical particles with a size comparable to the wavelength of the light[END_REF][START_REF] Benassi | Disorder-induced light scattering in solids: Microscopic theory and applications to some model systems[END_REF] in the frame of atomistic approaches, although the fluctuations of the density of microscopic polarization units do not appear explicitly in these models. The major difference between our formalism and standard atomistic approaches follows from a more precise description of the driving Rayleigh field responsible for the "dipole radiation", and thus for elastic and inelastic scattering processes. Indeed, in the usual atomistic Brillouin/Raman scattering models the Born approximation, or at least the homogeneity of the driving Rayleigh field, is implicitly assumed (neglecting moreover the phase factor 𝑒 PL𝐤•𝐫 in the case of sub-wavelength particle size), even in the case of dense systems as solids or liquids 27- 29,60,61 . These models, taking into account only the variation of the phase factor 𝑒 L𝐪•𝐫 , were used successfully for the analysis of inelastic light scattering experiments performed on large dielectric nanoparticles [START_REF] Mattarelli | Vibration spectroscopy of weakly interacting mesoscopic colloids[END_REF] , but were rarely applied to the analysis of LFRS measurements on metallic nanoparticles [START_REF] Duval | Spatial coherence effect on the low-frequency Raman scattering from metallic nanoclusters[END_REF][START_REF] Margueritat | From silver nanolentils to nanocolumns: surface plasmon-polaritons and confined acoustic vibrations[END_REF][START_REF] Margueritat | Surface Plasmons and Vibrations of Self-Assembled Silver Nanocolumns[END_REF][START_REF] Palpant | Quadrupolar vibrational mode of silver clusters from plasmon-assisted Raman scattering[END_REF] , the observed modes being generally identified by considering only the selection rules. [START_REF] Duval | Far-infrared and Raman vibrational transitions of a solid sphere: Selection rules[END_REF] The simple model we developed provides a unified picture for describing the Brillouin scattering-related mechanism for any material, suitable for handling both small and large sizes, as well as nonresonant and resonant excitation conditions in the case of plasmonic particles.

Throughout this work, we compute the unpolarized Raman spectrum collected in backscattering geometry for a λ0 = 647 nm excitation wavelength (all the technical aspects associated to these calculations will be reported in a forthcoming theoretical paper). The Lamb modes of free spheres (computed for stress-free boundary conditions at the nanosphere surface) were considered in our simulations [START_REF] Eringen | Linear Theory[END_REF] . Omitting environment effects (and, in the dimer case, acoustic interaction ones) appears reasonable here, as acoustic numerical simulations (determined using the same procedure as in our previous work [START_REF] Girard | Acoustic Mode Hybridization in a Single Dimer of Gold Nanoparticles[END_REF] ) show that they lead to modest frequency shifts for the 𝑙=0 and 𝑙=2-8 vibrational modes considered here, in strong contrast with the 𝑙=1 mode case considered in our previous works [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] . Note that each Raman peak is the sum of 2𝑙 + 1 contributions because of the 𝑚-degeneracy of the Lamb modes (the frequency depends only on 𝑙 and 𝑛). In order to facilitate the comparison between experimental and simulated inelastic scattering spectra, each computed Raman peak was convoluted with a narrow mode-independent Lorentzian-shape curve with a full width at half-maximum (FWHM) ∆𝜔 = 1.5 GHz (actual damping rates being inaccessible using Lamb theory). Computed Raman spectra of an isolated gold sphere of 96 nm diameter embedded in a homogeneous matrix of refractive index Nm = 1.5, are plotted in Figure 2a-b. In Figure 2a is displayed the Raman spectrum of the sphere obtained in the context of Born approximation, i.e., replacing the real internal field 𝐄 LX" (𝐫) by the applied one 𝐄 < 𝑒 L𝐤 𝟎 •𝐫 , leading to a perfectly uniform internal field amplitude inside the nanoparticle. The calculated spectrum in Figure 2a, dominated by the fundamental quadrupolar mode, is in agreement with the measured spectra in previous experiments [START_REF] Duval | Spatial coherence effect on the low-frequency Raman scattering from metallic nanoclusters[END_REF][START_REF] Margueritat | From silver nanolentils to nanocolumns: surface plasmon-polaritons and confined acoustic vibrations[END_REF][START_REF] Margueritat | Surface Plasmons and Vibrations of Self-Assembled Silver Nanocolumns[END_REF][START_REF] Palpant | Quadrupolar vibrational mode of silver clusters from plasmon-assisted Raman scattering[END_REF] performed on small nanoparticles (<5 nm) in which the internal electric field can actually be considered as uniform. Considering the exact distribution of the internal field (Figure 2b), i.e. when each polarizable volume element of the isolated sphere is subject to the exact driving Rayleigh field, leads to an inelastic spectrum with a shape similar to the one calculated using the Born approximation, at the exception of a modification of the 𝐼 ~"l /𝐼 ~"< intensity ratio.

In contrast, including the exact internal field distribution in the modeling is absolutely essential for achieving a reasonable reproduction of the inelastic spectra of dimers of close nanoparticles (Figure 2). Figure 2 c-d shows the Raman spectra computed for dimers of gold nanospheres (assuming that they vibrate incoherently) separated by 𝑑 = 6 nm and 𝑑 = 0.9 nm. In this case, electromagnetic interactions occur between the two spheres, with a strength increasing with decreasing d, and each sphere is illuminated not only by the incoming wave (𝐄 < field), but also by the inhomogeneous near-field produced by the other sphere. As a result, strong field inhomogeneities, involving numerous multipolar components, develop inside the spheres for small separating distances, as shown on the field maps in Figure 2. For instance, strong inhomogeneity of the internal field 𝐄 𝐢𝐧𝐭 (𝐫) is indeed observed in each gold sphere (very localized hot-spots) for d=0.9 nm (Figure 2d) when the polarization of the incident electric field 𝐄 𝟎 (𝐫, 𝑡) is parallel to the dimer axis (longitudinal excitation). The plasmonic coupling between the spheres leads to two major conspicuous effects regarding their inelastic scattering, namely the emergence of high angular momentum Lamb mode contributions and an enhancement of the Raman intensity over the entire frequency range. Fundamental modes (𝑛 = 1) of a broad range of angular momenta (up to 𝑙 = 8) become observable on the simulated spectra as d is decreased. Some harmonic modes (𝑛 = 2) can also be distinguished, but their contributions are very weak. The fundamental quadrupolar mode (𝑙 = 2, 𝑛 = 1) remains the dominant contribution to the Raman spectrum. In contrast, the Raman activity of the fundamental radial mode (𝑙 = 0, 𝑛 = 1) is almost completely quenched in this system. A steady, and rather steep, decrease of the Raman intensity of the fundamental mode sequence (𝑙 ≥ 2, 𝑛 = 1) with increasing 𝑙-value is also clearly observed. This trend is to a large extent due to the factor (1 + 𝑛(𝜔 B )) 𝜔 B ⁄ appearing in eq (1), which scales as 1 𝜔 B l ⁄ at room temperature and in the acoustic frequency range involved.

The predicted spectra are in good qualitative agreement with the experimental ones, especially regarding the number and nature of detected modes in the 5-40 GHz range, demonstrating the interest of our model for a better understanding of inelastic scattering signals. In particular, the detection of 𝑙 = 2-3 for Dimer A and 𝑙 = 2-8 modes for Dimer B is well explained by our model, which predicts these modes to be the dominant ones in the d=6 nm and d=0.9 nm cases. Nevertheless, the agreement with the experimental spectra is less good regarding the relative intensities of the Raman peaks.

These discrepancies probably originate in part from the simplifications made in the analysis (consideration of perfectly spherical nanoparticles in a homogeneous environment). Additionally, other mechanisms as that considered in our model, such as the so-called Raman term of the atomistic models, which gathers several scattering mechanisms of various nature, contribute to the inelastic scattering [START_REF] Montagna | Raman scattering from small spherical particles[END_REF][START_REF] Montagna | Brillouin and Raman scattering from the acoustic vibrations of spherical particles with a size comparable to the wavelength of the light[END_REF][START_REF] Benassi | Disorder-induced light scattering in solids: Microscopic theory and applications to some model systems[END_REF] . Among them the dipole induce dipole (DID) mechanism, which is predicted to promote essentially the Raman quadrupolar mode contribution in dielectric nanocrystals of various structures [START_REF] Mattarelli | Mechanism of low-frequency Raman scattering from the acoustic vibrations of dielectric nanoparticles[END_REF] .

Another mechanism disregarded in our modeling, as in existing atomistic models, is the multiple scattering of the Stokes and anti-Stokes photons/waves inside the particle. The effect of DID and multiple scattering mechanisms, that are also strongly related to the exact distribution of the internal field 𝐄 ‹OE• (𝐫) inside the nanoparticle, are discussed in detail in the supplementary materials. In particular, the inclusion of multiple scattering mechanism through a simple phenomenological approach is shown to improve the agreement between experimental and theoretical Raman spectra.

The dimer spectra strongly contrast with that of the isolated nanoparticle, which only exhibits the two fundamental modes (𝑙=2 and 𝑙=0) predicted from symmetry arguments in the quasistatic limit (homogeneous driving field) [START_REF] Duval | Far-infrared and Raman vibrational transitions of a solid sphere: Selection rules[END_REF] . This result clearly demonstrates the central role played by the inhomogeneity of the driving Rayleigh field inside the scattering medium, which promotes the Raman activity of high angular momentum Lamb modes. In the present system, the source of the inhomogeneity in each (rather small) particle is the plasmonic coupling with the neighboring partner, in contrast to the case of previous theoretical studies where the emergence of high angular momenta results from the retardation effects associated to the large size of the investigated particles [START_REF] Montagna | Brillouin and Raman scattering from the acoustic vibrations of spherical particles with a size comparable to the wavelength of the light[END_REF] . It has to be noted that our model can also be successfully applied to larger nanoparticles of different materials.

In conclusion, we have experimentally measured the inelastic light scattering by single nanosystems (isolated and dimerized gold nanospheres) over a broad frequency range. Efficient scattering by high angular momentum Lamb modes has been demonstrated for the first time in such small systems in the case of dimers, and is shown to increase with decreasing interparticle distance. The calculations carried out for the considered nanosystems point out that the involvement of the exact driving Rayleigh field 𝐄 𝐢𝐧𝐭 (𝐫), which constitutes the originality of our model, is a key ingredient for interpreting inelastic scattering by the vibrational modes of electromagnetically coupled metal nanoparticles, in which 𝐄 𝐢𝐧𝐭 (𝐫) is highly inhomogeneous. Additionally, they also show that assembling nanoparticles as dimers increases both the number of their Raman-active modes and the efficiency of their inelastic scattering, thus providing more detailed and more easily accessible information on their mechanical properties.

Our model enables a good reproduction of the trends observed in the reported experiments, and more generally a better understanding of Raman scattering (note that it is not limited to the case of small metal nanoparticles and could be applied to other nanoparticle size/composition). However, it is restricted to the Brillouin related mechanism and could be further refined by including two additional ingredients: first the Raman term of the atomistic models, which gathers the
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 1 Figure 1: High resolution TEM images and extinction spectra of an isolated NP (a.) and two dimers with different inter-particle

  the above equations, only the factors relevant for computing the relative Raman intensities for a fixed excitation wavelength are given. 𝑛(𝜔 B ) is the Bose-Einstein occupancy function (T = 300 K temperature was assumed throughout this work) and 𝜔 B the angular frequency of the mode a, 𝐮 = 𝐎𝐏 |𝐎𝐏| = 𝐤 |𝐤| ⁄ ⁄ and 𝐤 = (2𝜋𝑁 / 𝜆 < ⁄ )𝐮 = (𝑁 / 𝜔 < 𝑐 ⁄ )𝐮 is the scattered wave-vector. 𝐞 { is the outward-pointing unit vector normal to the surface of the sphere. H(x) is the Heaviside step function (H(x) = 1 for x > 0 and H(x) = 0 for x < 0) and 𝛿(𝑥) the Dirac function.
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 2 Figure 2: Calculated unpolarized Raman spectra of isolated and dimerized 𝐷 = 96 nm diameter gold nanospheres embedded
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DID contribution and the local changes of the intrinsic microscopic polarizabilities induced by the vibrations, and second the multiple scattering processes affecting the Stokes and anti-Stokes photons. Moreover, building a full opto-mechanical model of Raman scattering by nanoparticle dimers (or oligomers) simultaneously taking into account electromagnetic (as here) and acoustic (as in our previous works [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] ) interactions between close nanoparticles would be useful to address in more detail the inelastic scattering by 𝑙=1 Lamb modes, which are highly affected by acoustic hybridization.
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