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Introduction

Controlling the properties of metallic nanoparticles (NPs) ensembles in a host matrix plays important role in fabricating plasmonic nanocomposite materials. The optical response of such materials is dominated by one or several resonances in their absorption and scattering spectra, called localized surface plasmon resonances (LSPR). The emergence of such resonances is a direct consequence of the size reduction in the nanoscale. LSPR is a collective oscillation of conduction electrons, which is excited by the incoming electric field of the incident light. The enhanced light absorption and scattering close to the resonance frequencies possess high potential for tailoring the optical response of materials. This collective property is highly sensitive to the shape and size distribution of the plasmonic ensemble, material properties, as well as the inter-particle distance and the dielectric permittivity of the host environment.

There were several approaches aiming to tailor the optical response of plasmonic nanocomposite materials in scalable performance. Among those, lasers have been used to alter the optical response of nanocomposites by tuning the ensemble characteristics of the NPs by inducing organization on the nanometer-micrometer scale [START_REF] Destouches | Dichroic colored luster of laser-induced silver nanoparticle gratings buried in dense inorganic films[END_REF]. In other works, metallic NPs were shaped into anisotropic shapes along the laser polarization to tailor dichroic optical properties which is highly required, e.g. in applications related to visual appearance [START_REF] Stalmashonak | Ultra-short pulsed laser engineered metal-glass nanocomposites[END_REF], [START_REF] Destouches | Laser-empowered random metasurfaces for white light printed image multiplexing[END_REF]. Furthermore, the laserinduced structural reorganization of various nanocomposites, metals and dielectrics emerged as fruitful nanostructuring technique. The applications of laser-controlled nanostructures were widely examined by both scientific and engineering communities. One of the main directions is the controlled formation of organized nanostructures served as diffractive optical elements manipulating the optical spectra. The properties of such nano-gratings were demonstrated to be controllable by irradiation parameters such as laser polarization, wavelength, fluence, and scan speed, which was useful for color marking, encryption, and optical data storage [START_REF] Dalloz | Anti-counterfeiting white light printed image multiplexing by fast nanosecond laser processing[END_REF], [START_REF] Crespo-Monteiro | Updatable random texturing of Ag/TiO2 films for goods authentication[END_REF]. Additionally, plasmonic NPs and nanostructures were demonstrated to have great potential in nanoimaging [START_REF] Kawata | Plasmonics for near-field nano-imaging and superlensing[END_REF] and light engineering metamaterials [START_REF] Yin | Photonic spin Hall effect at metasurfaces[END_REF]. The number of possible applications of the latter consisting of artificially designed structures are rapidly growing, including e.g. metasurface-based holography [START_REF] Huang | Three-dimensional optical holography using a plasmonic metasurface[END_REF]. In other fields, the idea of applying plasmonic nanocomposites in photocatalysis resulted in the birth of rapidly flourishing research domain, which encapsulated noble NPs such as Au and Ag into various host media, e.g. semiconductors [START_REF] Atwater | Plasmonics for improved photovoltaic devices[END_REF]. The photocatalytic effect resulted from the light absorption in the visible and near-infrared wavelength range and the nearfield enhancement effect due to the LSPR. The plasmonic absorption by the metallic NPs injected free electrons into the nearby semiconductors of suitable band gaps. Contacting noble metal with a semiconductor forms a so-called Schottky junction that efficiently separates the electrons and holes to avoid the recombination due to the buildup of an internal electric field.

In parallel to the rapidly growing number of applications, several characterization techniques for small nano-objects were developed, e.g. high-resolution transmission electron microscopy, scanning tunneling microscopy and atomic force microscopy. Additionally, the development of femtosecond (fs) laser sources enabled the realization of time-resolved studies of the ultrafast material response to photoexcitation. These techniques are based on optical monitoring the relaxation mechanisms on various timescales, achieved by measuring the transient changes induced in the transmission/reflection/scattering of the sample. Contributions permitted to determine the size-dependent timescales of the internal energy redistribution mechanisms via the electron and lattice interactions [START_REF] Hartland | Optical studies of dynamics in noble metal nanostructures[END_REF], enabled to study acoustic vibrations of nano-objects [START_REF] Crut | Time-domain investigation of the acoustic vibrations of metal nanoparticles: size and encapsulation effects[END_REF], their cooling and shape transformations [START_REF] Warth | Ultrafast dynamics of femtosecond laser-induced shape transformation of silver nanoparticles embedded in glass[END_REF]. Additionally, the recent development of singleparticle time-resolved optical spectroscopy has allowed to explore the more precise correlation between the measured dynamics and the morphology of the nano-object [START_REF] Crut | Optical absorption and scattering spectroscopies of single nano-objects[END_REF]. Exploiting the development of this concept, investigations of vibrational properties of single nanometric size objects have raised a large technological and fundamental interest during the last decade. They have been motivated by the need for the deeper understanding of the fundamental acoustic energy transfer at the nanoscale, or investigation of the vibrational response of nm-sized objects in comparison to bulk partners [START_REF] Sauceda | Vibrational properties of metal nanoparticles: atomistic simulation and comparison with time-resolved investigation[END_REF]. In the case of metallic NPs, such studies mostly focused on nano-objects formed by a single material component, with various shapes and sizes [START_REF] Petrova | Time-resolved spectroscopy of silver nanocubes: observation and assignment of coherently excited vibrational modes[END_REF]. In case of metallic thin films, time-resolved ultrafast techniques were applied to study acoustic wave generation, propagation and attenuation in various materials [START_REF] Vacher | Finite size effects in Brillouin scattering from silica glass[END_REF], [START_REF] Côte | Refractive index, sound velocity and thickness of thin transparent films from multiple angles picosecond ultrasonics[END_REF]. As the wavelength of such acoustic waves are in the order of magnitude of tens of nanometers, monitoring the wave propagation was proved to be versatile for non-invasive spatial profiling of the material [START_REF] Gusev | Advances in applications of time-domain Brillouin scattering for nanoscale imaging[END_REF]. Furthermore, ultrafast single-particle techniques enabled to investigate spatial variations in photoexcited phenomena triggered in nano-objects, providing information on the spatial distribution of energy relaxation related to structural properties [START_REF] Grumstrup | Pump-probe microscopy: visualization and spectroscopy of ultrafast dynamics at the nanoscale[END_REF]. The need for the more precise understanding of the fundamental background of all previously mentioned applications and principles seeded the work described in the present dissertation. The scope of the thesis covers the investigations of laser-matter interactions in nanocomposite materials containing of noble metal NPs by means of a combination of time-resolved in situ pump-probe techniques and various ex situ investigations.

The thesis is organized into five chapters. In the first chapter, the physical properties of bulk and nanoscale noble metals are described from theoretical point of view. The electronic properties of bulk metals are first reviewed, followed by their optical response. The decisive effect of nanoscale confinement is then discussed. Subsequently, the ultrafast relaxation mechanisms triggered by the impulsive excitation of a metallic NP is discussed in details. In regard of the results presented later, the relaxation mechanisms is divided into two groups, discussing the relevant scenarios of reversible and irreversible material relaxation pathways separately. The latter involve complete shape transformation and material reorganization. In the subsequent chapter, the relevant time-resolved experimental techniques are reviewed that are widely used by the research community for characterizing the time-dependent material relaxation with high temporal and spatial resolutions. The subsequent three chapters contain the description of the results obtained throughout the preparation of the present work.

The third chapter describes a study aiming to characterize the mechanisms of material relaxation in plasmonic nanocomposites leading to laser-induced anisotropic NP shape transformation and organized arrangement of NP ensembles under fs pulse excitation. The study explores the intermediate states of the material when submitted to thousands of intense fs laser pulses, using numerous experimental characterizations and modeling the laser-induced temperature profile in the system. The laser-induced nanoscale organization is analyzed using quantitative electromagnetic calculations.

In the fourth chapter, the ultrafast dynamics of the photo-excited plasmonic nanocomposites is investigated using pump-probe techniques. The aim of that chapter is to understand how the electron and lattice dynamics, and the slower cooling dynamics of the heated system evolve in case of pulse-by-pulse irreversible transformations under multiple fs laser excitation. Additionally, experiments explore the ultrafast dynamics of nanocomposite ablation.

In the last chapter, the excitation and propagation of coherent acoustic pulses emitted by random plasmonic NPs are investigated. Several nanocomposites containing different NP morphologies are tested in order to understand the mechanisms of coherent pulse excitation by random arrangement of acoustic sources. The energy dissipation during the acoustic pulse propagation in glass medium is monitored in details using pump-probe technique.

The thesis is finished by a general conclusion of the main results and perspectives of the future works.

Laser-matter interactions of metallic NPs

The ultrafast excitation of plasmonic NP ensembles leads to a time-dependent modification of the electronic, thermal and structural properties. Additionally, if the excitation is sufficiently strong, irreversible modifications of these parameters can be provoked. Following the instantaneous photon absorption, the material relaxation spans over multiple timescales with a broad variety of physico-chemical phenomena involved. The aim of this chapter is to provide a detailed description of the course of mechanisms triggered by photoexcitation in plasmonic systems. In the first part, the electronic and optical properties of bulk noble metals are discussed, that are widely used for plasmonics applications. Afterwards, the optical response of metallic nano-objects with simple geometries is described, with particular regard for their LSPR. Subsequently, the description of the relaxation pathways on different timescales for reversible and irreversible excitations are discussed. In the latter case, the description focuses on relevant laser-induced NP shape transformations and the formation of self-organized nanostructures.

Electronic properties of noble metals

The optical response of metals (absorption and scattering) reflects the interaction of light with its electrons, and is therefore closely linked to its electronic band structure. Ag belongs to the family of noble metals. The Ag atoms are organized in a face-centered cubic (fcc) crystalline lattice. The interactions between atoms induce a broadening of the discrete energy levels of atoms leading to a continuum of electronic states, called electronic bands. In noble metals, the atomic 𝑑 orbitals contribute to completely filled and weakly dispersed 𝑑 bands (valence band) whereas the hybridized 𝑠-𝑝 atomic orbitals form the partially filled 𝑠-𝑝 band (conduction band).

The valence band is the highest energy band completely filled with electrons, and the conduction band is the lowest energy band partially filled. At T = 0 K, the energy bands are filled until the Fermi energy EF. Electrons in the conduction band are delocalized being thus responsible for most electrical and thermal transport properties, while the valence bands electrons contribute only little to these features [START_REF] Stoll | Ultrafast electronic, acoustic and thermal properties of metal nanoparticles and clusters[END_REF]. First, photon-excited transitions between quasi-free electronic states within the conduction band (intraband transitions). In this case, transition to a higher-energy state of this band implies a momentum increase. The momentum of the absorbed photon being negligible, interaction with a third body (another electron, phonon or lattice defect) is necessary to respect momentum conservation [START_REF] Medeghini | Optics and acoustics with a single nano-object : environment effects[END_REF]. The second type of transition is photon-excited transitions of valence electrons to the conduction band (interband transitions). These transitions may occur only for high enough photon energies, in order to allow for the direct (vertical) transition of electron from the valence band to a free state of the conduction band. The associated threshold, corresponding to the energy difference between the top of the valence band and EF is about 4 eV for Ag [START_REF] Del Fatti | Nonequilibrium electron dynamics in noble metals[END_REF].

The electrons in the conduction band can be described as quasi-free electrons with a dispersion relation, i.e., energy E vs. wave vector k of the states [START_REF] Kittel | Introduction to solid state physics[END_REF]:

𝐸(𝒌) = ℏ 2 𝑘 2 2𝑚 * , (1.1) 
where 𝑚 * is the electron effective mass, which includes the effects of the interactions of the electron with the ionic lattice and ℏ is the reduced Planck constant. 𝑚 * is linked to the Fermi energy as

𝐸 𝐹 = ℏ 2 2𝑚 * (3𝜋𝑛 𝑒 ) 2/3 , (1.2) 
where 𝑛 𝑒 describes the conduction electron density of the metal. In connection with 𝐸 𝐹 , one can define several important physical quantities such as Fermi temperature 𝑇 𝐹 = 𝐸 𝐹 /𝑘 𝐵 with 𝑘 𝐵 being the Boltzmann constant and the Fermi velocity 𝑉 𝐹 = √ 2𝐸 𝐹 𝑚 * [START_REF] Stoll | Ultrafast electronic, acoustic and thermal properties of metal nanoparticles and clusters[END_REF]. 

Optical response of noble metals

In metals, the optical properties are ruled by the response of electrons to external electromagnetic field. Considering a monochromatic electromagnetic field with wave vector k and angular frequency 𝜔 𝑬(𝒓, 𝑡) = ℜ(𝑬 𝟎 𝑒 𝑖(𝒌𝒓-𝜔𝑡) ) (1.3) interacting with a material, a polarization density P is induced due to the displacement of the bound positive and negative charges. In the case of a homogeneous, linear and isotropic material, the polarization is expressed simply as 𝑷 = 𝜀 0 𝜒𝑬, where the electric susceptibility 𝜒(𝜔)

is a scalar function of 𝜔, and 𝜀 0 is the vacuum permittivity. The electric displacement can be expressed as

𝑫 = 𝜀 0 𝑬 + 𝑷 = 𝜀 0 𝜀𝑬, (1.4) 
where 𝜀 = 1 + 𝜒 represents the dielectric function (or relative permittivity) of the material. 𝜀 may be written as 𝜀(𝜔) = 𝜀 1 (𝜔) + 𝑖𝜀 2 (𝜔), with 𝜀 1 and 𝜀 2 related through the Kramers-Kronig relation. Alternatively, the optical properties can be described using the complex optical index 𝑛 ̃ = 𝑛 + 𝑖𝜅, related to 𝜀 via 𝜀 1 + 𝑖𝜀 2 = (𝑛 + 𝑖𝜅) 2 .

(1.5)

Its real part 𝑛 is the refraction index, related to the phase velocity of light in the material, while the extinction coefficient 𝜅 specifies the absorption of electromagnetic energy by the solid. In the case of noble metals, the real and imaginary dielectric functions can be separated in two contributions, corresponding to interaction of the field with electrons in the conduction band (intraband contribution) and to photoexcited transitions (interband contribution). Classically, intraband transitions are described by the Drude model, based on the quantities 𝜀 𝐷 and 𝜒 𝐷 , while interband transitions are governed by 𝜀 𝑖𝑏 and 𝜒 𝑖𝑏 , related to 𝜀 via 𝜀 = 1 + 𝜒 𝐷 + 𝜒 𝑖𝑏 = 𝜀 𝐷 + 𝜀 𝑖𝑏 -1.

(1.6)

The Drude part of the dielectric function 𝜀 𝐷 is associated to the absorption of light by electrons in the conduction band. In this picture, they are considered as a free gas, being described by the classical kinetic gas theory [START_REF] Ashcroft | Solid state physics[END_REF]. An isolated atom represents a positively charged nucleus, surrounded by bound electrons, and one or several conduction electrons. Their conduction electrons are delocalized and free to move in the lattice. These electrons create a gas of floating negatively charged electrons. The atoms' nuclei surrounded by the bound electrons become a positively charged lattice. The electron scattering processes are introduced in a phenomenological way as a friction with characteristic time 𝜏 [START_REF] Stoll | Ultrafast electronic, acoustic and thermal properties of metal nanoparticles and clusters[END_REF]. Indeed, 𝜏 is the electron optical relaxation time, which is determined by electron-electron (e-e) and electron-phonon (e-ph) scattering (neglecting electron-defect scattering) with simultaneous exchange of the energy of a photon. The probability of photon scattering is proportional to 1/𝜏 since it has to be assisted by a third quasiparticle (phonon or electron) to satisfy energy and momentum conservations [START_REF] Voisin | Ultrafast electron dynamics and optical nonlinearities in metal nanoparticles[END_REF]. Assuming the contributions to be uncorrelated, one can write

1 𝜏 = 1 𝜏 𝑒-𝑒 + 1 𝜏 𝑒-𝑝ℎ . (1.7) 
At room temperature, the dominant contribution to 𝜏 in bulk metals originates from the e-ph scattering term. To account for the fact that the electrons are weakly bound instead of completely free, the electron mass me appearing in the original Drude model must be replaced by the effective mass 𝑚 * , as described in the previous section. In the presence of an oscillating electric field 𝑬(𝑡) = 𝑬 𝟎 𝑐𝑜𝑠(𝜔𝑡), position r of an electron follows the equation of motion [START_REF] Medeghini | Optics and acoustics with a single nano-object : environment effects[END_REF]:

𝑚 * 𝑑 2 𝒓 𝑑𝑡 2 = -𝑚 * 𝛾 𝑑𝒓 𝑑𝑡 -𝑒𝑬, (1.8) 
where -𝑒 is the electron charge and 𝛾 = 1/𝜏. From the solution r(t) of equation 1.8 in the stationary regime, the polarization of the metal is obtained through 𝑷 = -𝑛 𝑒 𝑒𝒓. As previously described, 𝑷 is defined as 𝑷 = 𝜀 0 𝜒𝑬, therefore the Drude permittivity is provided as:

𝜀 𝐷 (𝜔) = 1 + 𝜒 𝐷 = 1 - 𝜔 𝑃 2 𝜔(𝜔 + 𝑖𝛾) , (1.9) 
where 𝜔 𝑃 = √ 𝑛 𝑒 𝑒 2 𝑚 𝑒 𝜀 0 is the plasma frequency. By expressing the real and imaginary parts of 𝜀, assuming that 𝜔 ≫ 𝛾, one finds:

𝜀 1 𝐷 (𝜔) = 1 - 𝜔 𝑃 2 𝜔 2 + 𝛾 2 ≈ - 𝜔 𝑃 2 𝜔 2 𝜀 2 𝐷 (𝜔) = 𝜔 𝑃 2 𝛾
𝜔(𝜔 2 + 𝛾 2 ) ≈ 𝜔 𝑃 2 𝛾 𝜔 3 .

(1.10)

The low-energy part of 𝜀(𝜔) can be well-reproduced within this framework, due to the interband transitions being resonant only for higher energies. The fit in the infrared part of the spectrum allows thus to extract the values of the plasma frequency and damping rate, yielding 𝜔 𝑃 = 8.98 eV and 𝛾 = 0.020 eV for Ag [START_REF] Stoll | Ultrafast electronic, acoustic and thermal properties of metal nanoparticles and clusters[END_REF].

The term 𝜀 𝑖𝑏 in Eq. (1.6) is associated to interband transitions of electrons from low energy bands (e.g. localized d-band) to bands of higher energy induced by absorption of an incoming photon [START_REF] Bassani | Electronic states and optical transitions in solids[END_REF]. The interband transition contribution to the stationary absorption spectrum of Ag can be computed through models developed to interpret thermomodulation experiments on bulk noble metals investigating the temperature-dependent optical response of a thin metallic film in equilibrium conditions. Rosei et al. developed a model for computing the interband component of the imaginary dielectric function 𝜀 2 𝑖𝑏 for incident photon energies close to the interband transition threshold for noble metals like Ag [START_REF] Rosei | Temperature modulation of the optical transitions involving the Fermi surface in Ag: Theory[END_REF]. After calculating 𝜀 2 𝑖𝑏 , the real part 𝜀 1 𝑖𝑏 of 𝜀 𝑖𝑏 is deduced using the Kramers-Kronig relation [START_REF] Hodak | Spectroscopy and dynamics of nanometersized noble metal particles[END_REF].

The optical response of a metallic nano-object in a dielectric environment strongly differs from that of the bulk. Dielectric confinement induces resonances in the absorption and scattering spectra of metallic nano-objects, known as LSPR. These resonances allow the sensitive probing of the relaxation phenomena determining the ultrafast dynamics of a nano-object after its sudden excitation. These resonances, associated to a collective electron motion induced by light, result in a strong enhancement of the electromagnetic field in and around the nano-objects.

Their amplitudes, spectral positions and widths are strongly dependent on the geometry, size and composition of the nano-objects, as well as on their local environment. When an electromagnetic wave illuminates the nano-object, the electrons oscillate along the light polarization.

This electronic periodic movement induces electric fields inside the NP and scattered one, propagating through the external matrix (from the NPs towards every direction). Considering a transparent environment, the incident power loss (extinction) 𝑊 𝑒𝑥𝑡 in the propagation direction is caused by the sum of the absorbed power 𝑊 𝑎𝑏𝑠 and scattered power 𝑊 𝑠𝑐𝑎𝑡 by the nano-object.

Therefore, if one defines the extinction cross-sections 𝜎 as the ratio of the powers over the average incident light intensity, then [START_REF] Medeghini | Optics and acoustics with a single nano-object : environment effects[END_REF] 𝜎 𝑒𝑥𝑡 = 𝜎 𝑎𝑏𝑠 + 𝜎 𝑠𝑐𝑎𝑡 .

(1.11)

Providing analytic expressions for the total cross-sections is possible in simple cases. It should be noted that the extinction cross-section is proportional to the particle volume while the scattering cross-section is linear to its square [START_REF] Stoll | Ultrafast electronic, acoustic and thermal properties of metal nanoparticles and clusters[END_REF]. For small nano-objects (NP diameter ≪ 𝜆), the scattering cross-section becomes negligible yielding to an exctinction cross-section which is dominated by absorption.

The metal properties related to the quasi-free electrons are modified in a nano-object due to their interaction with the interface [START_REF] Voisin | Ultrafast electron dynamics and optical nonlinearities in metal nanoparticles[END_REF]. Consequently, the intraband contribution to the dielectric constant of the metallic NP preserves its Drude form with the scattering time 𝜏′ expressed as

1 𝜏′ = 1 𝜏 + 𝑉 𝐹 𝑅 𝑔 𝑠 .
(1.12)

The first term 1/𝜏 reflects bulk-like electron scattering in the particle. The second term is proportional to the Fermi velocity 𝑉 𝐹 divided by the radius 𝑅 of the assumed spherical NP, with a frequency and electron distribution -dependent proportionality factor 𝑔 𝑆 of the order of 1 [START_REF] Voisin | Ultrafast electron dynamics and optical nonlinearities in metal nanoparticles[END_REF].

It is a direct consequence of the limitation of the electron motion. Classically, it can be interpreted as being due to electron scattering off the surface whose probability becomes comparable to the other scattering processes in sufficiently small NPs.

In most experiments, ensembles of NPs dispersed in a liquid or solid matrix or deposited on a substrate are investigated. In such cases, effective medium approximations could be used, which allow to model the macroscopic properties of composite materials based on the properties and the relative fractions of its components. There are many different effective medium approximations that are valid in peculiar cases. A well-known formula is provided by Maxwell Garnett. It states that the effective permittivity 𝜀 𝑒𝑓𝑓 of a composite containing of a host material with 𝜀 ℎ permittivity including small spherical particles with 𝜀 𝑖 permittivity distributed randomly but uniformly on average is provided as [START_REF] Markel | Introduction to the Maxwell Garnett approximation: tutorial[END_REF] 𝜀 𝑒𝑓𝑓 = 𝜀 ℎ 𝜀 ℎ + 1 + 2𝑓 3 (𝜀 𝑖 -𝜀 ℎ )

𝜀 ℎ + 1 -𝑓 3 (𝜀 𝑖 -𝜀 ℎ ) , (1.13) 
where 𝑓 is the volume fraction of the inclusion.

Ultrafast energy relaxation mechanisms below reshaping fluence threshold

In this section, the reversible temporal-dependent response of plasmonic NPs following ultrafast laser excitation is detailed. The energy deposition into the electrons is realized by absorption of the pump beam creating electrons that are spread over different levels in the conduction band. In metallic nanostructures, light absorption is enhanced by exciting the LSPR. Figure 1.2A demonstrates the course of the subsequent energy relaxation pathways on various timescales after the photoexcitation. Following the instantaneous light absorption, the collective motion of the conduction electrons can be damped radiatively by re-emission of a photon or non-radiatively through the creation of hot electrons via Landau damping on a timescale ranging from 1 to 100 fs [START_REF] Brongersma | Plasmon-induced hot carrier science and technology[END_REF]. The electrons will quickly redistribute their energy among many lower-energy electrons via e-e scattering processes. Time-resolved studies evidenced that the characteristic timescale for this process is in the range of 100 fs to 1 ps resulting in a formation of hot Fermi-Dirac energy distribution characterized by a large electron temperatures [START_REF] Del Fatti | Nonequilibrium electron dynamics in noble metals[END_REF], [START_REF] Voisin | Ultrafast electron dynamics and optical nonlinearities in metal nanoparticles[END_REF]. A demonstration of the variation of the electron energy distribution f(E) following the photoexcitation is demonstrated in Figure 1.2B. Experiments conducted in the low perturbation regime, where the electron distribution is only slightly disturbed, revealed size-dependent rate of e-e interaction, i.e., the magnitude of the e-e relaxation decreases by roughly a factor of 2 as the size of the particles decreases from 26 nm diameter to 3 nm diameter [START_REF] Voisin | Size-dependent electron-electron interactions in metal nanoparticles[END_REF].

At this stage of the relaxation, interactions with phonons increase. The subsequent thermal equilibration of electrons with the lattice occurs over a longer timescale of several ps. The coupling between the hot electrons and the phonon modes of the particle can be described by the two-temperature model (TTM) [START_REF] Hohlfeld | Electron and lattice dynamics following optical excitation of metals[END_REF]. In this model, the rate of energy exchange between the electrons and phonons is given by coupled differential equations

𝐶 𝑒 (𝑇 𝑒 ) 𝑑𝑇 𝑒 𝑑𝑡 = -𝑔(𝑇 𝑒 -𝑇 𝑙 ) (1.14a) 𝐶 𝑙 𝑑𝑇 𝑙 𝑑𝑡 = 𝑔(𝑇 𝑒 -𝑇 𝑙 ), (1.14b) 
where 𝑇 𝑒 and 𝑇 𝑙 are the electronic and lattice temperatures, 𝐶 𝑙 is the lattice heat capacity, 𝐶 𝑒 (𝑇 𝑒 )

is the temperature-dependent electronic heat capacity [START_REF] Ashcroft | Solid state physics[END_REF], and g is the e-ph coupling constant [START_REF] Hartland | Optical studies of dynamics in noble metal nanostructures[END_REF]. The room temperature electronic heat capacity is much smaller than the lattice heat capacity [START_REF] Ashcroft | Solid state physics[END_REF]. This has a consequence that the initial electronic temperature after laser excitation is much higher than the temperature of the equilibrated electron-phonon system. Additionally, relaxation time of this process exhibits strong pump laser intensity-dependence. The increase in lattice temperature from optical excitation is typically a few K to tens of K in the low perturbation regime, although it is possible to trigger reversible shape transformation upon strong heating, e.g. melting, fragmentation or ablation. These mechanisms are further detailed in the following section. Transient absorption experiments on different kinds of NPs showed a strong dependence of the electron-phonon coupling time on the particle size, i.e., faster relaxation times towards smaller NP sizes [START_REF] Nisoli | Ultrafast electronic dynamics in solid and liquid gallium nanoparticles[END_REF], [START_REF] Stella | Size effects in the ultrafast electronic dynamics of metallic tin nanoparticles[END_REF]. This was explained in terms of coupling to surface phonon modes, which causes an increase in the value of the e-ph coupling constant [START_REF] Belotskii | Surface electron-phonon energy exchange in small metallic particles[END_REF]. However, for noble NPs, some results reported almost no size dependence [START_REF] Link | Femtosecond transient-absorption dynamics of colloidal gold nanorods: shape independence of the electron-phonon relaxation time[END_REF].

Raising the lattice temperature results in a small amount of expansion of the lattice. This expansion can excite coherent vibrational normal modes of the nano-object volume [START_REF] Petrova | Time-resolved spectroscopy of silver nanocubes: observation and assignment of coherently excited vibrational modes[END_REF], [START_REF] Del Fatti | Acoustic vibration of metal films and nanoparticles[END_REF], [START_REF] Burgin | Timeresolved investigation of the acoustic vibration of a single gold nanoprism pair[END_REF]. The vibrational properties of nanometric size objects have raised a large technological and fundamental interest during the last decade. Coherently excited vibrational modes have been detected for a wide range of different size and shape particles in time-resolved experiments.

These vibrational modes have size-dependent periods of typically ∼ 1 to few tens of ps, and are damped in a few hundred ps. The excited modes give rise to modulations in the optical response of the material. The acoustic vibrations of a nano-object modify the interatomic distances due to dynamical volume changes resulting in a modulation of its dielectric function, which is reflected as oscillations in time-resolved signals. Their period directly reflects the dominantly excited vibrational modes, while their damping contains information on the mode damping rates [START_REF] Crut | Time-domain investigation of the acoustic vibrations of metal nanoparticles: size and encapsulation effects[END_REF].

A demonstration can be seen in Figure 1.3 where Ag nanospheres in glass medium (a) and Au nanorods in aqueous solution (b) were investigated using pump-probe technique [START_REF] Crut | Time-domain investigation of the acoustic vibrations of metal nanoparticles: size and encapsulation effects[END_REF]. In case of NP ensembles, the dephasing between the vibrations of the different NPs is relevant.

To demonstrate that, Figure 1.5 shows a comparison of the transient absorption traces from a single Ag nanocube (average edge length is 35.5 ± 3.4 nm) and a bulk sample (ensemble) [START_REF] Staleva | Transient absorption studies of single silver nanocubes[END_REF].

Coherently excited vibrational modes can be seen in both traces, but the modulations in the single-particle trace are more pronounced and show a much longer damping time than the ensemble measurements. Fitting the modulations with damped cosine function yields a lifetime of 30 ps for the ensemble measurement, compared to 58 ps for the single-particle experiment.

The faster damping rate in the ensemble studies is due to sample inhomogeneity: different sized particles have different periods, leading to a dephasing [START_REF] Hartland | Measurements of the material properties of metal nanoparticles by timeresolved spectroscopy[END_REF]. In contrast, the damping in the single particle studies is due to mechanical interactions between the particle and its surroundings [START_REF] Van Dijk | Detection of acoustic oscillations of single gold nanospheres by time-resolved interferometry[END_REF]. The advantages of using single particle pump-probe experiments over ensemble measurements for studying vibrational dynamics are obvious from these measurements. After the internal e-e scattering and e-ph coupling process are finished, the hot particle thermally equilibrates with its environment. This process has two components: heat transfer across the interface between the particle and its surroundings, and heat diffusion in the surroundings [START_REF] Juvé | Cooling dynamics and thermal interface resistance of glass-embedded metal nanoparticles[END_REF]. The modalities of heat transfer at macroscopic and nanometer scales differ in particular by the increased role played by interfaces on the nanoscale. These are characterized by a thermal interface resistance (Kapitza resistance), which describes the ratio between temperature jump and heat flux at the interface [START_REF] Stoll | Time-resolved investigations of the cooling dynamics of metal nanoparticles: Impact of environment[END_REF]. Time-resolved experiments investigated the rate of energy dissipation from Au NPs in aqueous solution with average sizes ranging from 4 to 50 nm in diameter [START_REF] Hu | Heat dissipation for Au particles in aqueous solution: relaxation time versus size[END_REF]. The results demonstrated characteristic timescale for relaxation that varies from ~10 ps for the smallest particles examined (≈ 4 nm in diameter) to almost 400 ps for the 50 nm diameter particles. Additionally, the initial temperature of the particles evidenced no impact on the relaxation time. The two heat dissipation mechanisms depend on the NP sizes in different ways. The important factor is the surface-to-volume ratio of the particle, and the timescale for interface conductance-dominated relaxation scales as 𝑅, whereas, the heat dissipation-dominated cooling scales as 𝑅 2 [START_REF] Ge | AuPd metal nanoparticles as probes of nanoscale thermal transport in aqueous solution[END_REF], [START_REF] Wilson | Colloidal metal particles as probes of nanoscale thermal transport in fluids[END_REF]. The size dependence is much stronger than that for the faster e-ph coupling process. For a spherical particle, the interface conductance component of heat dissipation is described by [START_REF] Hartland | Optical studies of dynamics in noble metal nanostructures[END_REF]:

𝜕𝑇 𝑃 𝜕𝑡 = - 3𝐺 𝑅𝜌 𝑃 𝐶 𝑃 (𝑇 𝑃 (𝑡) -𝑇 𝑆 (𝑅, 𝑡)), (1.15) 
where 𝑇 𝑃 and 𝑇 𝑆 are the temperatures of the particle and the surroundings, 𝜌 𝑃 and 𝐶 𝑃 are the density and heat capacity of the particle, 𝐺 is the interface thermal conductance defined as the inverse of Kapitza resistance, and 𝑅 is the NP radius. One can neglect the heat diffusion within in metallic NPs. Heat diffusion in the surroundings is described by the diffusion equation, expressed for spherically symmetric particles in the form [START_REF] Hartland | Optical studies of dynamics in noble metal nanostructures[END_REF]:

𝜕 2 (𝑟𝑇 𝑆 ) 𝜕𝑟 2 = 1 𝛼 𝑆 𝜕(𝑟𝑇 𝑆 ) 𝜕𝑡 , (1.16) 
where 𝛼 𝑆 is the thermal diffusivity, and 𝑟 ≥ R is the radial coordinate. Analysis of time-resolved signals yields an estimate for the thermal interface resistance between the initially heated metallic material and its environment (solid and liquid). Measurements have yielded interface thermal conductance 𝐺 in the 20 -400 MW/m 2 /K range [START_REF] Juvé | Cooling dynamics and thermal interface resistance of glass-embedded metal nanoparticles[END_REF], [START_REF] Ge | AuPd metal nanoparticles as probes of nanoscale thermal transport in aqueous solution[END_REF], [START_REF] Schmidt | Probing the gold nanorod-ligand-solvent interface by plasmonic absorption and thermal decay[END_REF] and addressed G sensitivity to the compositions of the metal, of the surrounding medium and of their interface [START_REF] Stoll | Time-resolved investigations of the cooling dynamics of metal nanoparticles: Impact of environment[END_REF].

NP shape transformations under intense laser excitation

The discussion about the ultrafast energy relaxation mechanisms detailed in the previous section is continued by the description of the mechanisms that account for Ag NP shape transformations when intense laser excitation is applied.

Photo-oxidation

When Ag NPs are in contact with a semiconductor matrix, such as TiO2, the electron energy required to allow electrons to leave the NPs is lowered to the value of the Schottky barrier that is created at the interface between the metal and the semiconductor. Electrons excited through the LSPR of NPs at the laser wavelength can cross the Schottky barrier by injection or tunneling, as depicted in Figure 1.6A. Plasmon-induced charge transfer is of great importance in developing highly efficient photocatalysis and photovoltaic devices. The band bending prevents the injected electrons from escaping back to the NP. The positively charged NPs are unstable, and tend to dissolve into Ag + ions, as shown in Figure 1.6B. This process is referred to as photooxidation, and it results in NP size shrinkage. 

Heat-assisted NP growth mechanisms

Several Ag NP growth mechanisms were described in the literature that are strongly promoted when the laser-induced temperature rise is high in the material. The mechanisms influence NP size as well as temporal evolution of Ag atoms between three forms: Ag 0 , Ag + and Ag NPs.

First, a reduction reaction that converts Ag + to Ag 0 , i.e., Ag + ions can diffuse in the surrounding -assuming that the Ag + mobility is sufficiently high -and recombine with electrons from the matrix conduction band (e.g. TiO2, Figure 1.6) or from other compounds absorbed by the film [START_REF] Liu | Self-organization of metallic nanoparticles in waveguides by laser: mechanisms modelling and new approaches[END_REF]. The reduction process leads to increasing density of Ag 0 monomers that can contribute to the NP growth according to the following mechanisms. The growth of NPs can be driven by Ostwald ripening process, in which two phases are distinguished: clusters and monomers. The clusters are Ag NPs in the present case. The monomer is the Ag 0 whose concentration increases via the previous reduction step. In an Oswald Ripening process, the growth of one Ag NP relies on the adsorption of Ag 0 monomer which is diffused by a force raised from the difference in Ag 0 volume concentration at macroscopic scale and at Ag NP surface. Therefore, thermal diffusion is an important initiator of the Ag NP growth in the matrix. The diffusion rate also depends on the temperature rise within the film and follows the Arrhenius' law [START_REF] Liu | Understanding the growth mechanisms of Ag nanoparticles controlled by plasmon-induced charge transfers in Ag-TiO2 films[END_REF].

Beside Ostwald ripening, NP coalescence process contributes to NP growth. In this mechanism, NPs contact and merge into a single nano-object. This process has been observed in many metallic systems. Molecular dynamics (MD) simulations of the NP coalescence process enable to obtain insight into the details. In such MD calculations, the temperature-dependent dynamics of NP coalescence between a pair of hollow Ag nanospheres [START_REF] Jiang | Molecular dynamics study of neck growth in laser sintering of hollow silver nanoparticles with different heating rates[END_REF] or Au nanodisks [START_REF] Pan | The coalescence of supported gold nanoparticles induced by nanosecond laser irradiation[END_REF], [START_REF] Pan | The solid-state neck growth mechanisms in low energy laser sintering of gold nanoparticles: a molecular dynamics simulation study[END_REF] is monitored, or the shape transitions of a single Au nanorod [START_REF] Wang | Structural and morphological transitions in gold nanorods: a computer simulation study[END_REF] is investigated. In the case of a system of coalescing NPs, the radius of gyration 𝑟 𝑔 is monitored, which is defined as the root mean square distance of the NPs from the center of mass of the system. The coalescence process is characterized by the overall decrease of 𝑟 𝑔 depending on the temperature. The general description of the mechanisms driving the coalescence process at different temperature ranges is provided as follows.

The atom trajectory calculations revealed that atomic grain-boundary diffusion is the dominant mechanism at the first stage of the coalescence at lower temperatures (typically when T < 400 -500 °C for initial NP diameters around 5 -6 nm), where atoms migrate along the boundary between two contacted particles [START_REF] Pan | The coalescence of supported gold nanoparticles induced by nanosecond laser irradiation[END_REF], [START_REF] Pan | The solid-state neck growth mechanisms in low energy laser sintering of gold nanoparticles: a molecular dynamics simulation study[END_REF]. At this stage, nearly constant or slight decreasing 𝑟 𝑔 is observed. Towards higher temperatures, the accumulation of amorphous layers leads to the so-called intermediate transition region [START_REF] Jiang | Molecular dynamics study of neck growth in laser sintering of hollow silver nanoparticles with different heating rates[END_REF], [START_REF] Wang | Structural and morphological transitions in gold nanorods: a computer simulation study[END_REF]. The accumulating portion of atoms in amorphous phase activates rapid viscous atomic flow, which is known as an important mechanism for amorphous materials. The viscous atomic flow is driven by surface curvature to reduce surface energy, which could lead to a faster decreasing 𝑟 𝑔 . For NPs, the surface energy becomes rather important factor, therefore this process results in a surface tension-driven atomic migration that is faster than normal force -free migration [START_REF] Pan | The solid-state neck growth mechanisms in low energy laser sintering of gold nanoparticles: a molecular dynamics simulation study[END_REF]. This is the reason for the faster decreasing 𝑟 𝑔 . Towards higher temperatures, the activation of the so-called "spherication" process driven by curvature-induced surface diffusion slows down the coalescence [START_REF] Jiang | Molecular dynamics study of neck growth in laser sintering of hollow silver nanoparticles with different heating rates[END_REF], [START_REF] Pan | The solid-state neck growth mechanisms in low energy laser sintering of gold nanoparticles: a molecular dynamics simulation study[END_REF]. The particles keep moving towards each other to form into one sphere. This slower process continues until reaching the melting point of the NPs resulting in a rapid collapse of the system into a single sphere [START_REF] Pan | The solid-state neck growth mechanisms in low energy laser sintering of gold nanoparticles: a molecular dynamics simulation study[END_REF]. The temperature ranges for the onset of the different mechanisms is not definite, i.e., the melting temperature and the dynamics of the different diffusion processes exhibit strong initial NP size and heating rate dependence [START_REF] Jiang | Molecular dynamics study of neck growth in laser sintering of hollow silver nanoparticles with different heating rates[END_REF]- [START_REF] Pan | The solid-state neck growth mechanisms in low energy laser sintering of gold nanoparticles: a molecular dynamics simulation study[END_REF]. In general, provided that incident laser intensity is high enough, oxidation competes with growth, described by the temporal evolution of the system containing Ag + , Ag 0 and Ag NP.

The theoretical simulations were successfully compared to experimental results of NP distributions revealing the significant influence of each involved process.

These previous numerical studies suffered, however, from several limitations. Namely, they modeled the evolution of the system in a point without considering the effect of heating by the NPs grown few micrometers apart and still under the laser beam. The temperature was then calculated by assuming a homogeneous spatial size distribution of NPs under the laser spot. To overcome these limitations, Ma et al. proposed a two-dimensional model, which accounted for both thermal and spatial size distribution during laser writing to better investigate the NP growth kinetics [START_REF] Ma | Laser-generated Ag nanoparticles in mesoporous TiO2 films: formation processes and modeling-based size prediction[END_REF]. In this model, NPs inside the laser spot acted as heat sources and contributed to the temperature field via thermal diffusion. As discussed previously, a portion of the absorbed laser energy decays via the e-ph and ph-ph interactions that thermalize the irradiated region.

The electron relaxations and e-ph coupling occur on the timescale of few picoseconds, while ph-ph interactions take up to a few nanoseconds. Since Ag NPs grow more slowly than the eph interaction speed, the classical thermal diffusion equation was introduced in the model. The authors simulated the processes in cross-section (2D calculations). In the first step of the calculations, the temperature field is computed by finite element method. With the knowledge of the heat distribution, the growth, oxidation, and reduction are calculated. Additionally, solely diffusion-controlled NP growth mechanism was considered, which means that the coalescence process was not modeled. The extended 2D model provided new insights into the understanding of the writing speed-dependent phenomena, such as Ag NP growth in the laser front edge due to pre-heating by thermal diffusion, and the dynamical variations of the spatial size-distribution and temperature profile until a steady-state appeared.

Timescales of the different processes

A sketch of the time-dependent mechanisms following fs laser excitation of Ag NPs embedded in TiO2 matrix is shown in Figure 1.8. The photon absorption by the NP generates a high density of excited electrons. e-e scattering results in a hot electron plasma typically within few hundreds of fs that is not in thermodynamic equilibrium with the environment (NP and matrix) [START_REF] Liu | Three-dimensional self-organization in nanocomposite layered systems by ultrafast laser pulses[END_REF].

Electrons with higher energy than the Schottky barrier formed at the Ag/TiO2 interface can be injected into the conduction band of the TiO2. This plasmon-induced electron transfer has been measured to be faster than 240 fs for Au NPs [START_REF] Furube | Ultrafast plasmon-induced electron transfer from gold nanodots into TiO2 nanoparticles[END_REF] and is expected to be of the same order of magnitude for Ag. Positively charged Ag NPs are created due to the high density of electrons leaving the NP, possessing strong electrostatic repulsion forces between neighboring ions, leading to Ag + ejection. This charge-assisted atomic desorption results in NP size shrinkage, in opposition to the NP growth mechanisms described previously. The remaining electrons on the NP did not cross the Schottky barrier relax via e-ph interaction over a timescale of typically a few tens of ps in case of such high excitations. In case of low perturbations, where the electronic temperature rise is less than 100 -200 K, sub-ps typical eph relaxation times were demonstrated [START_REF] Arbouet | Electron-phonon scattering in metal clusters[END_REF]. The equilibration of electron and lattice temperatures results in NP thermalization. Subsequently, on a timescale of 100 ps to 10 ns, heat is coupled to the TiO2 matrix. The temperature rise of the matrix favors NP growth mechanisms.

Coalescence, Ostwald ripening and reduction of Ag + are the main mechanisms that control NP growth and reshaping, as described previously. High-repetition-rate laser irradiation leads to thermal accumulation in the matrix, which further boosts the growth of Ag NPs being diffusionlimited processes that requires longer times. They occur only above a temperature threshold, and their yield increases nonlinearly with temperature [START_REF] Liu | Three-dimensional self-organization in nanocomposite layered systems by ultrafast laser pulses[END_REF].

NP reshaping involving melting

Additionally to the previous investigations, heat-assisted reshaping mechanism involving NP melting was extensively studied. The work of Rodríguez et al. investigated Ag discontinuous films deposited on glass substrate, i.e., ensembles of nanoislands transformations upon single excimer ns pulse irradiation [START_REF] Rodríguez | Plasmonic response and transformation mechanism upon single laser exposure of metal discontinuous films[END_REF]. Figure 1.9A shows that the initial Ag film sample is discontinuous but close to coalescence. Upon laser irradiation, the film is converted into big and rather spherical NPs shown in Figure 1.9B due to laser-induced melting followed by dewetting. The optical response of the laser-irradiated samples is dominated by significantly narrowed and blue-shifted LSPR. This is shown in Figure 1.9C by comparing the extinction spectra of the initial and irradiated samples using various laser fluences.

In another work of the same group, the dynamics of the discontinuous Ag films upon singlepulse ns laser irradiation was investigated by time-resolved measurements of the transmission and reflectivity of the sample [START_REF] Peláez | Dynamics of laser induced metal nanoparticle and pattern formation[END_REF]. The results showed that laser irradiation induces Ag melting within less than 10 ns. The aggregation and/or coalescence of the initially irregular metallic nanostructures is triggered upon melting and continues after solidification (estimated to occur at less than 80 ns) for a long time (> 1 µs).

Similar shape transformations due to melting were reported in samples containing near-coalescence Ag nanoislands embedded in a dielectric matrix under single-pulse visible ns laser irradiation [START_REF] Doster | Tailoring the surface plasmon resonance of embedded silver nanoparticles by combining nanoand femtosecond laser pulses[END_REF]. Additional exposure to multiple femtosecond laser pulses induced anisotropic shapes. Such nanoislands could be reorganized, shaped and aligned by exposure to exclusively ultrashort laser pulses [START_REF] Baraldi | Reorganizing and shaping of embedded near-coalescence silver nanoparticles with off-resonance femtosecond laser pulses[END_REF].

Laser-induced anisotropic NP reshaping

There has been a great amount of literature regarding the mechanism of anisotropic reshaping of glass-embedded Ag NPs with ultrashort pulses [START_REF] Stalmashonak | Intensity-driven, laser induced transformation of Ag nanospheres to anisotropic shapes[END_REF]- [START_REF] Stalmashonak | Spectral range extension of laser-induced dichroism in composite glass with silver nanoparticles[END_REF]. In this section, a review of the process of shaping the initial Ag NP shape distribution into elongated shapes is provided. The graphical summary of the following description of different stages is shown in Figure 1. 10 [2]. The LSPR enhances the electric field of the laser pulse close to the Ag particle by a few orders of magnitude, with the highest enhancement values close to the poles of the nanospheres with respect to the laser polarization [START_REF] Kelly | The optical properties of metal nanoparticles: the influence of size, shape, and dielectric environment[END_REF]. This results in intense directed emission of electrons from the particle surface, preferentially parallel to the laser polarization (Figure 1.10a). The emission process occurs during the laser pulse. The anisotropy of the electron ejection is responsible for the final anisotropic NP shapes. The ejected electrons are trapped in the matrix forming color centers close to the poles of the sphere. Additionally, the optical breakdown threshold of the glass matrix can be exceeded due to the high electric field in the vicinity of the NP, which further increases the electron density in the matrix. Subsequently, the ionized NPs are likely to emit Ag ions in statistical directions when electron thermalization and heat transfer to the lattice are finished. Simultaneously, thermal electron emission is involved during e-ph interaction.

The estimations for the maximal electronic temperature is provided in the range of 10 4 K, and lattice temperatures exceeding the melting temperatures of bulk Ag [START_REF] Stalmashonak | Ultra-short pulsed laser engineered metal-glass nanocomposites[END_REF]. The real temperature of the NP can be expected to be much lower because of energy losses caused by electron and ion emission. The ionized positively charged NP becomes unstable, and the Coulomb forces lead to the ejection of Ag + , which form a cationic shell in the vicinity of the NP (Figure 1.10b) [START_REF] Stalmashonak | Ultra-short pulsed laser engineered metal-glass nanocomposites[END_REF]. This charged shell of Ag cations around the particle experiences trapped electrons with high number density around the poles. After some picoseconds, they can recombine to form Ag atoms (Figure 1.10c), which finally diffuse back to the NP and precipitate mainly at the poles.

Accumulating the effect of multiple pulses, remaining Ag ions may also act as trapping centers for the electrons being subsequently emitted by the laser pulses (Figure 1.10d-f). The high density of trapped electrons close to the poles and ions around the NP equator may cause local electric field distributions influencing the anisotropic nature of the electron and ion emission for the subsequent laser pulses. All these processes lead to a pulse-by-pulse elongation along the laser polarization, eventually leading to prolate spheroidal shape (Figure 1.10g, h). The irreversible shape transformation stops when the laser wavelength approaches the blue wing of the LSPR [START_REF] Stalmashonak | Ultra-short pulsed laser engineered metal-glass nanocomposites[END_REF].

As a summary, for any type of shape transformation of spherical Ag NPs embedded in glass matrix induced by fs laser pulses, the main point of the reshaping is the anisotropic plasmonassisted photoelectron emission from the metal surface, which defines the particle symmetry.

The next steps of the mechanism determine solely the final NP shape depending on the laser intensity, i.e., whether the NPs will be reshaped into prolate or oblate forms in an accumulative process, or they will be destroyed in case of too high laser intensities. In case of oblate forms, the very high local electric field at the poles of the sphere possibly results in a high density electron plasma via avalanche ionization of the glass [START_REF] Stalmashonak | Ultra-short pulsed laser engineered metal-glass nanocomposites[END_REF]. The following plasma relaxation transfers energy to the NP on a faster timescale than the thermal diffusion. This can ultimately result in partial destruction of the NP at the poles (ablation).

In this analysis, the NPs are embedded in glass matrix. However, in case of a high-refractive index medium, excitation of guided waves can further enhance the NP shape transformations in periodic spatial regions leading to the formation of self-organized NP gratings. In the following section, the theory of self-organized NP reshaping is reviewed.

Laser-driven material organizations

In this section, the theories of laser-driven material organization are reviewed via, first, the discussion of the existing theories of surface modulations known as laser-induced periodic surface structures (LIPSS), and second, the theory behind laser-induced periodic arrangement of plasmonic NP ensembles.

Laser-induced periodic surface structures

Birnbaum reported for the first time the formation of LIPSS on polished germanium crystal surfaces irradiated with a ruby laser beam [START_REF] Birnbaum | Semiconductor surface damage produced by ruby lasers[END_REF]. The phenomenon was attributed to diffraction effects and proposed that the surface modulation was caused by localized material removal.

Subsequently, various theories emerged attempting to explain the physics behind such surface modulations. The currently existing theories can be divided in two major categories, i.e., electromagnetic approaches considering the major role of optical energy deposition into the solid, and matter reorganization theories, which are based on the redistribution of surface matter.

Electromagnetic approaches

The basic idea behind the electromagnetic theories is that the incident light is scattered by the roughness of the sample surface leading to coherently driven elementary Huygens waves, or to the excitation of surface modes, such as surface plasmon polaritons (SPPs) [START_REF] Bonse | Maxwell meets Marangonia review of theories on laserinduced periodic surface structures[END_REF]. SPP is an electromagnetic wave resulting from a collective oscillation of quasi-free electrons located at the interface between two different media. There is an interference phenomenon between the incident field and fields excited by scattering or SPPs, which results in a spatial modulation of the local energy distribution that is transferred to the sample material. In case of high-enough laser excitation, the formation of the final periodic surface modulation is then triggered via, for instance, spatially modulated material removal (ablation). For materials exhibiting strong absorption, SPP-assisted LIPSS are usually formed with an orientation perpendicular to laser polarization, with periods close to the laser wavelength, known as low spatial frequency LIPSS (LSFL) [START_REF] Garrelie | Evidence of surface plasmon resonance in ultrafast laser-induced ripples[END_REF]- [START_REF] Bonse | On the role of surface plasmon polaritons in the formation of laser-induced periodic surface structures upon irradiation of silicon by femtosecond-laser pulses[END_REF]. This type of excitation attracts high level of interest due to the possibility that materials without initial plasmonic features (dielectrics and semiconductors) can be transformed transiently into metallic state once the density of the conduction band electrons exceeds a critical value after laser irradiation [START_REF] Bonse | Maxwell meets Marangonia review of theories on laserinduced periodic surface structures[END_REF], which satisfies SPP excitation conditions. The LSFL periodicity Λ is often directly related to the SPP wavelength. For the case of a plane dielectricmetal interface and for normal angle of incident irradiation, the period of the surface modulation can be calculated from the complex bulk dielectric permittivity of the metal (𝜀 𝑚 ) and dielectric medium (𝜀 𝑑 ), and the laser wavelength 𝜆 as

Λ 𝐿𝑆𝐹𝐿 = Λ 𝑆𝑃𝑃 = 𝜆 • ℜ (√ 𝜀 𝑚 + 𝜀 𝑑 𝜀 𝑚 𝜀 𝑑 ). (1.17) 
Assuming pulsed laser excitation, for low number of laser pulses, the LSFL and SPP periods can be compared since the surface modulation depth is small at this stage (depth << λ). Subsequently, the positive feedback in the multipulse regime notably affects the LSFL formation.

Therefore, the validity of the SPP model is limited.

The alignment of the LSFL relative to the linear beam polarization originates from the directional excitation of electrons in the material by the laser radiation [START_REF] Bonse | Maxwell meets Marangonia review of theories on laserinduced periodic surface structures[END_REF]. Depending on the electrical properties of the metal or dielectric, this leads to a directional radiation feature and to an anisotropic field distribution of the induced surface electromagnetic fields.

The so-called efficacy factor theory developed by Sipe and his co-workers is actually the most universally accepted theory of LIPSS formation [START_REF] Sipe | Laser-induced periodic surface structure. I. Theory[END_REF]- [START_REF] Young | Laser-induced periodic surface structure. III. Fluence regimes, the role of feedback, and details of the induced topography in Germanium[END_REF]. Based on the model, the irradiated solid can be divided into two parts, i.e., a thin layer consisting of surface irregularities and a bulk material. The theory assumes transverse variation of an initial random surface, which can be decomposed into a sum of individual spatial frequencies. It is possible to calculate the amount of light scattered by each of these frequencies below the surface. Thus the total intensity on the material results from the superposition of the primary laser radiation and the scattered waves by surface roughness centers. This model consists of spatial frequency determination of the initial surface variation. The efficacy factor is thus calculated for each of the frequencies and is generally represented in reciprocal space. In fact, it serves as a scalar function proportional to the inhomogeneous energy deposition into the irradiated sample [START_REF] Sipe | Laser-induced periodic surface structure. I. Theory[END_REF], and describes the efficacy with which the surface roughness (represented by ripples wave vectors k) can absorb optical radiation. The strength of this classical model is in its remarkable precise prediction of possible k vectors of the surface. The surface modulation orientation and angle of incidence dependence are also correctly described.

Finite Difference Time Domain (FDTD) approaches open the way for investigating several aspects of LIPSS formation, such as the effects of polarization, surface roughness, refractive index variations, laser beam propagation, field enhancement, optical scattering, and interference phenomena, and can be used to reveal the spatio-temporal evolution of the irradiation material. The results demonstrated the electromagnetic origins of several structures, in case of both LSFL and high spatial frequency LIPSS (HSFL) structures. The latter exhibit periods considerably smaller than the irradiation wavelength (period smaller than 𝜆/2).

One prominent demonstration of these approaches is the work of Zhang et al., which calculated the contribution of the scattered near-field and far-field on the types of inhomogenous energy absorption [START_REF] Zhang | Coherence in ultrafast laser-induced periodic surface structures[END_REF]. The authors found that the inhomogenous energy absorption, which triggers LSFL formation results from the coherent superposition of the scattered far-field and the propagating, i.e. refracted waves. In contrast, HSFL in dielectrics originate from the coherent superposition between the scattered near-field and the refracted wave. Furthermore, Skolski et al.

implemented inter-pulse feedback mechanisms by combining FDTD with ablation mechanisms, i.e., the incident laser pulse was considered to modify the surface roughness by ablation, according to the profile of the absorbed energy [START_REF] Skolski | Modeling laser-induced periodic surface structures: finite-difference time-domain feedback simulations[END_REF]. Hereby, LSFLs, HSFLs were well-reproduced numerically by their approach.

Matter reorganization theories

Matter reorganization theories are based on considering the transport of laser-excited material in a liquid form that reshapes the surface topography. Explanations involve thermodynamic phase transitions and hydrodynamic effects of the transiently melted surface [START_REF] Bonse | Maxwell meets Marangonia review of theories on laserinduced periodic surface structures[END_REF]. Possible mechanisms were proposed relying on surface tension gradients [START_REF] Anthony | Surface rippling induced by surface-tension gradients during laser surface melting and alloying[END_REF], thermoelastically generated surface acoustic waves [START_REF] Jost | Laser pulse width dependent surface ripples on silicon[END_REF], or capillary waves [START_REF] Gorodetsky | Far UV pulsed laser melting of silicon[END_REF]. The detailed description of these mechanisms is beyond the scope of the present thesis. The relevant discussion can be found in the review article of Bonse and Gräf [START_REF] Bonse | Maxwell meets Marangonia review of theories on laserinduced periodic surface structures[END_REF].

Self-organization of metallic NPs

Light-driven organized NP reshaping was demonstrated by several earlier works, evidencing the formation of homogeneous grating-like nanostructures composed of reshaped particles with tunable features. In the work of Destouches et al., TiO2 thin film homogeneously loaded with Ag precursors was investigated under continuous laser irradiation, and the emergence of periodic arrays of grown NPs was demonstrated [START_REF] Destouches | Self-organized growth of metallic nanoparticles in a thin film under homogeneous and continuous-wave light excitation[END_REF]. In other works of the same group, fs lasertriggered self-organization was demonstrated in same initial sample [START_REF] Liu | Three-dimensional self-organization in nanocomposite layered systems by ultrafast laser pulses[END_REF]- [START_REF] Sharma | Laser-driven plasmonic gratings for hiding multiple images[END_REF]. The self-organized formation of periodic superstructures in thin plasma polymer films initially containing inhomogeneous metal nanoislands upon fs laser irradiation was reported by several other works [START_REF] Loeschner | Periodic structure formation in polymer films with embedded gold nanoparticles[END_REF]- [START_REF] Kiesow | Generation of wavelength-dependent, periodic line pattern in metal nanoparticle-containing polymer films by femtosecond laser irradiation[END_REF]. Additionally, single ns laser pulse was used to trigger self-organized reshaping of a layer of plasmonic nanoislands deposited on top of Si3N4 membrane [START_REF] Eurenius | Grating formation by metal-nanoparticle-mediated coupling of light into waveguided modes[END_REF]. In this section, the general theory behind the formation of such periodic nanostructures is discussed.

When the sample is illuminated by the exciting laser, the initial NPs can be considered as oscillating electric dipoles radiating mainly in the plane perpendicular to the incident polarization [START_REF] Destouches | Self-organized growth of metallic nanoparticles in a thin film under homogeneous and continuous-wave light excitation[END_REF]. This provides the explanation for the orientation of the NP grating lines reported in all above cited references: grating lines parallel to the linear laser polarization. In case of a highrefractive index host medium for the initial NP ensemble, the film acts as a waveguide, therefore a part of the field scattered by NPs remains confined in form of a quasi-guided mode. As initially the NPs are homogeneously distributed in the host matrix, the amplitude of the guided modes is small. Assuming the excitation of these guided modes, the interference with the incident wave gives rise to intensity modulations in the film along the direction perpendicular to the incident polarization. The optical interference pattern triggers the grating formation. The grating then creates a positive feedback loop by enhancing the coupling of the incident wave to the mode, i.e., increasing the contrast of the interference pattern and finally promoting the grating formation itself. The spatial period of the interference pattern can be expressed as

Λ = 𝜆 𝑅𝑒(𝑛 𝑒 ) ± sin 𝜃 𝑖 . (1.18)
where 𝜃 𝑖 is the angle of incidence of the laser exposure and 𝑅𝑒(𝑛 𝑒 ) is the real part of the guided mode effective index. In Eq. (1.18), -sin 𝜃 𝑖 corresponds to the case where the projection of the wave vectors of the excited mode and incident wave, on the sample plane, are in the same direction, and + sin 𝜃 𝑖 to the case of opposite direction, as shown in Figure 1.11a and b. During static exposures, both directions can be excited equally, leading to two different periods that superimpose. In contrast, writing lines by moving the sample favors the mode excited in the forward direction, i.e., the translation direction, and leads to a well-defined period [START_REF] Fuentes-Edfuf | Coherent scatter-controlled phase-change grating structures in silicon using femtosecond laser pulses[END_REF].

Indeed, after initiating the sample movement, the grating is formed under the laser beam and mainly extends in the front edge of the focused spot. While the guided mode is excited to the right and left directions perpendicular to the grating lines under the beam, only the mode that propagates to the forward direction accumulates in the beam front edge (Figure 1.11c). So, the interference pattern that fixes the grating period in the front edge results from the interference of the incident beam with the forward mode. Moreover, while the sample is moving, the interference pattern remains fixed relative to the sample. This interesting phenomenon originates in the way the modes are excited. The latter are excited through scattering, and their phase depends on the position of scatterers (Ag NPs). The phase of the wave that forms the forward guided mode consequently continuously changes when translating the sample under the laser beam and makes the interference pattern fixed relative to the sample. The latter extends over the laser beam. The scan direction therefore determines the sign before sin 𝜃 𝑖 , and together with the laser wavelength, the incidence angle and the modal distribution of the structure, fixes the grating period.

Once formed, the grating of period Λ is responsible for efficiently coupling the incident light into the guided mode by diffraction and not only by scattering. In other words, scatterers are now organized and the scattered waves originating from the different periods constructively interfere in the direction of the guided mode. This means that the grating emerging from the excitation of the guided mode contributes to its own enhancement during the film transformation. This positive feedback mechanism is at the origin of the term self-organization. Finally, we should mention that what is called guided mode here should be more precisely named leaky mode since this mode is also scattered on Ag NPs and cannot propagate very far in the film.

We initially assumed that scattering by metallic nanoislands was mostly in the direction perpendicular to the incident polarization. This angle selection actually results from the positive feedback, namely the diffraction by the grating, which is much more efficient when the incident laser polarization is parallel to the grating lines and which filters the direction in which the feedback is stronger [START_REF] Destouches | Self-organized growth of metallic nanoparticles in a thin film under homogeneous and continuous-wave light excitation[END_REF].

Time-resolved techniques for characterizing laser-matter interactions

The investigation of the described physical phenomena in the previous chapter requires sophis- In this chapter, the methods used for characterizing the ground state and ultrafast transient optical responses of a single or ensembles of nano-objects upon photoexcitation are presented. In the first section, the technique of pump-probe spectroscopy is introduced followed by a review of relevant studies focusing on metallic nano-objects. The second section is dedicated to the presentation of the pump-probe microscopy configuration, which combines the temporal ability of spectroscopic approach with high spatial resolution. In the last section, a versatile and powerful experimental approach is presented applied for phase-sensitive measurements.

ticated

Ultrafast pump-probe spectroscopy of plasmonic nano-objects

In order to discriminate the different physical processes described in the previous chapter, timeresolved experiments are required with fs -ps time resolution allowing to temporally separate these processes, and study the overall dynamics of the system until the equilibrium condition is reached. This section is devoted to introduce the pump-probe experimental technique that has widely been used to study such kind of physical processes.

In a pump-probe experiments, two laser pulses are required, the pump and the probe. The former means a perturbation to the material. The time at which the maximum of the pump pulse intensity reaches the material is considered as the zero delay for the probe pulse. The role of the probe pulse is to monitor the modifications that are induced in the material by the pump. A high-precision mechanical linear translation stage is generally used to vary the delay between the pump and the probe pulses over a time range of several nanoseconds and with high temporal resolution. In such experiments, the probe beam is a broadband white light supercontinuum in order to resolve the dynamics over a broad spectral range. The quantity that is monitored as a function of pump-probe delay time and probe wavelength is the spectral absorbance (including contributions from reflection, absorption and scattering) measured in a transmission configuration, which varies in the photoexcited system depending on the time after the excitation. The measured intensity of the probe pulse 𝐼 1 (𝜆, 𝑡) at delay 𝑡 following the excitation by the pump pulse can be expressed as:

𝐼 1 (𝜆, 𝑡) = 𝐼 0 (𝜆) * 10 -𝐴(𝜆,𝑡) , (2.1) 
where 𝐼 0 (𝜆) and 𝐴(𝜆, 𝑡) are the incident spectral intensity of the probe pulse and the total spectral absorbance of the sample, respectively. Assuming that the incident intensity 𝐼 0 (𝜆) does not vary between two measurements, one can collect 𝐼 1 (𝜆, 𝑡) over a span of temporal delays 𝑡. The full time-resolved transient absorption spectrum is obtained, that can be expressed in dimensionless optical density (OD) units as:

𝛥𝑂𝐷 (𝜆, 𝑡) = 𝐴(𝜆, 𝑡) -𝐴(𝜆, 𝑡 0 ) = log 10 𝐼 1 (𝜆, 𝑡 0 ) 𝐼 1 (𝜆, 𝑡) , (2.2) 
where 𝐴(𝜆, 𝑡 0 ) is the total spectral absorbance of the initial sample, and 𝐼 1 (𝜆, 𝑡 0 ) is the spectral These spectral profiles are similar to the ones measured by other groups on a colloidal solution of Au nanorods [START_REF] Yu | Excitation wavelength and fluence dependent femtosecond transient absorption studies on electron dynamics of gold nanorods[END_REF], [START_REF] Wurtz | Designed ultrafast optical nonlinearity in a plasmonic nanorod metamaterial enhanced by nonlocality[END_REF].

In the work of Otomalo et al., complex spectral variations were observed in the transient spectra of bimetallic NPs [START_REF] Otomalo | Sharp spectral variations of the ultrafast transient light extinction by bimetallic nanoparticles in the near-UV[END_REF]. The investigated sample contained core-shell Au-Ag nanocuboids characterized by numerous plasmon modes spanning on a broad spectral range in the steady-state regime. Additionally, higher-order modes were formed in the near-ultraviolet range where no plasmon resonance is possible to form with single noble metal NP. The work was supported by theoretical calculations that helped to assign the different contributions to that complex transient spectral profile. Each resonance mode identified in the stationary spectra was associated Related to this work, the investigations of the transient optical response of other kinds of bimetallic nano-objects has been reported in the literature, e.g. Au@Ag and Au@Ag@Pt nanospheres [START_REF] Yu | Engineering acoustic phonons and electronphonon coupling by the nanoscale interface[END_REF]. In other experiments, the ultrafast dynamic process of aqueous solution of Au-Ag nanoshuttles was characterized by pump-probe spectroscopy [START_REF] Wang | Nonlinear absorption and the ultrafast dynamic process of Au-Ag nanoshuttles[END_REF]. The steady-state and transient absorption spectra are demonstrated in 

Ultrafast pump-probe microscopy

Pump-probe microscopy combines the spatial resolution of optical microscopy with the temporal resolution of ultrashort laser pulses. This technique enables to investigate spatial variation in photo-excited ultrafast/fast phenomena triggered in nano-objects, revealing the role of structural properties, e.g. interfaces and inhomogeneities. Recently, significant developments of pump-probe microscopy have been realized aiming to characterize carrier dynamics with diffraction-limited spatial resolution in bulk semiconductors [START_REF] Cui | Transient absorption microscopy of monolayer and bulk WSe2[END_REF], individual nanostructures [START_REF] Gabriel | Direct imaging of free carrier and trap carrier motion in silicon nanowires by spatially-separated femtosecond pump-probe microscopy[END_REF], as well as acoustic modes in metal nano-objects [START_REF] Staleva | Coupling to light, and transport and dissipation of energy in silver nanowires[END_REF]. In diffraction-limited transient absorption methods, the pump and probe pulses are focused to diffraction-limited spot sizes on the sample, and computer controlled mirrors vary the angle of incidence of the probe beam before the objective, allowing the probe beam to be focused to a point on the sample around the pump spot. However, the scanning (raster scanning) alters the path of the beam, the geometry of the system is developed the way that the path length introduced by tilting the beam results in a very little delay shift (<0.5 ps) [START_REF] Grumstrup | Pump-probe microscopy: visualization and spectroscopy of ultrafast dynamics at the nanoscale[END_REF]. In these experiments, a high level of sensitivity can be achieved, i.e., Δ𝐼/𝐼 in the range of 10 -7 [START_REF] Gao | Transient absorption spectroscopy of excitons in an individual suspended metallic carbon nanotube[END_REF]. Several types of configurations are possible, providing complementary information on the temporal and spatial excited state dynamics.

Spatially-overlapped pump and probe beams

In the first group of experiments, the pump and probe beams are spatially overlapped and the pump-probe time delay is scanned using the delay line. This particular mode of operation is analogous to transient absorption spectroscopy measurements on ensembles, although with a diffraction limited pump and probe spot size, therefore enabling to select single items in the ensemble. The nanowires were excited around 400 nm and the electron-hole recombination process was probed by monitoring changes in intensity of a near-infrared probe. The left image shows a collection of time delay scans obtained in the microscopy mode from a series of randomly selected single nanowires (green curves) on the edge of the sample. The orange curve shows an averaged decay kinetics measured on an ensemble of nanowires (in the center of the sample) using a traditional transient absorption spectroscopic setup with a broadband continuum probe.

On average, measurements of individual nanostructures exhibit longer lifetimes than ensemble measurements, highlighting the important role of sample heterogeneity [START_REF] Grumstrup | Ultrafast carrier dynamics in individual silicon nanowires: characterization of diameter-dependent carrier lifetime and surface recombination with pump-probe microscopy[END_REF].

Raster scanning

The second mode of operation involves spatial scanning (raster scanning) of the dynamics either The difference in recombination rates reflects two different decay pathways, with photo-generated carriers at the end of the rod recombining through a faster electron-hole plasma mechanism, and a slower trap-mediated recombination in the interior sections 1 [START_REF] Grumstrup | Pump-probe microscopy: visualization and spectroscopy of ultrafast dynamics at the nanoscale[END_REF].

The spatiotemporal imaging ability of ultrafast microscopy has enabled direct imaging of carrier transport phenomena in nano-objects. The interaction of charge carriers with the surfaces, localized defects, and electrical contacts in nanostructured devices can have a profound influence on the migration of electrons and holes through a semiconductor structure. The work of Gabriel et al. enabled to directly visualize the charge motion produced by photoexcitation at a localized spot as it spreads along a Si nanowire [START_REF] Gabriel | Direct imaging of free carrier and trap carrier motion in silicon nanowires by spatially-separated femtosecond pump-probe microscopy[END_REF]. The motion of charge carriers is in the 1 Further details can be found in Appendix.

focus of many emerging technologies in nanoscale electronics, optoelectronics, and solar energy conversion. The high spatial resolution achieved by the optical microscope provided insights into this complex electron-hole recombination and carrier migration dynamics. 

Optical microscopy approach

In other types of pump-probe microscopy, the probe beam illuminates the complete field of view homogeneously, and the magnified image of the sample is recorded using a detector (camera). This approach preserves the ability of investigating the dynamics with high spatial resolution, enables faster data acquisition (there is no need for raster scanning the investigated area), and avoids using complex electronic mirror systems. It can be used in case of stronger signal amplitudes than in the previously detailed experiments, typically in experiments triggering irreversible material reshaping. Using such technique, Von der Linde and coworkers investigated the ablation process in metals and semiconductors [START_REF] Sokolowski-Tinten | Transient states of matter during short pulse laser ablation[END_REF]. By exploiting the full potential of a pump-probe imaging technique, they observed the formation and dynamic evolution of a transient Newton ring pattern in the nanosecond and sub-nanosecond time range after excitation.

This pattern, formed by interference of the probe beam reflected at the front and back interfaces of the semi-transparent ablating layer, allowed a characterization of the propagation speed and its fluence dependence.

Subsequently, Garcia-Lechuga et al. could extend this work to several dielectrics also employing pump-probe microscopy [START_REF] Garcia-Lechuga | Femtosecond laser ablation of dielectric materials in the optical breakdown regime: expansion of a transparent shell[END_REF], allowing to experimentally demonstrate and temporally characterize the transition from a single homogeneous layer into a shell structure. Beside investigating ablation, the same group performed imaging of the formation process of LIPSS produced by ultrashort laser pulses in Si [START_REF] Garcia-Lechuga | Ultrafast moving-spot microscopy: birth and growth of laser-induced periodic surface structures[END_REF]. Using a moving-spot, multiple-pulse irradiation approach, the authors were able to spatially and temporally resolve the birth and growth of individual LIPSS. They demonstrated that the formation process was initiated by free electron generation leading to non-thermal melting, liquid phase overheating and rapid solidification into the amorphous phase. In other experiments, Bhuyan and coworkers reported the ultrafast dynamics of high aspect ratio nanostructuring in bulk fused silica [START_REF] Bhuyan | Single-shot high aspect ratio bulk nanostructuring of fused silica using chirp-controlled ultrafast laser Bessel beams[END_REF]. The authors proposed a description of mechanisms based on the axial energy deposition and subsequent material densification or rarefaction. The same group extended that work by describing the evolution of ultrafast-laser-excited bulk fused silica over the entire relaxation range [START_REF] Somayaji | Multiscale electronic and thermomechanical dynamics in ultrafast nanoscale laser structuring of bulk fused silica[END_REF], investigating local embedded modifications of the refractive index in the form of index increase in densified glass or in the form of nanoscale voids.

In the present thesis, pump-probe microscopic approach is applied with hyperspectral measurements and wavefront detection to characterize the ultrafast response of plasmonic nanocomposite materials under irreversible shape transformation conditions. The relevant results and discussion are presented in chapters 3-4. The principle of the wavefront detection used is explained hereafter.

Quadriwave lateral shearing interferometry 2.3.1 Measurement principles

Quadriwave lateral shearing interferometry (QLSI) is a quantitative phase imaging technique, capable of measuring both the intensity and the phase of a light beam. In case of simple lateral shearing interferometry, the incident wave front is replicated using diffraction gratings into two identical but tilted wave fronts [START_REF] Bon | Quadriwave lateral shearing interferometry for quantitative phase microscopy of living cells[END_REF]. After propagation of the replicas, their interference pattern is recorded with a camera sensor. The phase gradients are recovered from the fringe deformation, by means of a Fourier deconvolution around the interferogram fringe frequency. However, this method lacks some gradient information to recover a full two-dimensional phasefield. Multiwave interferometry extends this principle to more than one gradient direction. In A diffraction grating replicates the incident beam. In the case of QWLS interferometer, the socalled modified Hartmann mask (MHM) is used [START_REF] Bon | Quadriwave lateral shearing interferometry for quantitative phase microscopy of living cells[END_REF]. It is made of the superposition of a

Hartmann mask (amplitude grating with period 𝑝) and phase grating with period 2𝑝 as demonstrated in the Figure 2.8. The grating is optimized to diffract more than 90% of the light energy into the four first orders. The transmission of the MHM grating can be expressed as

𝑡(𝑥, 𝑦) = cos ( 𝜋 p 𝑥) cos ( 𝜋 p 𝑦). (2.3) 
Each diffracted order propagates along its own wave vector. After a propagation length 𝑧 along the 𝑧-axis, if free space diffraction can be neglected, the electromagnetic field is coherent addition of the waves, which are displaced due to their deviation. The intensity recorded by the camera sensor placed at a distance 𝑧 from the diffraction grating is expressed as [START_REF] Bon | Quadriwave lateral shearing interferometry for quantitative phase microscopy of living cells[END_REF]:

𝐼(𝑥, 𝑦, 𝑧) = 𝐼 0 {1 + cos ( 2𝜋 𝑝 𝑥 + 2𝜋 𝑝 𝑧 𝜕𝑂𝑃𝐷 𝜕𝑥 ) + cos ( 2𝜋 𝑝 𝑦 + 2𝜋 𝑝 𝑧 𝜕𝑂𝑃𝐷 𝜕𝑦 ) + 1 2 [cos ( 2𝜋 𝑝 (𝑥 + 𝑦) + 2𝜋 𝑝 𝑧 𝜕𝑂𝑃𝐷 𝜕(𝑥 + 𝑦) ) + cos ( 2𝜋 𝑝 (𝑥 -𝑦) + 2𝜋 𝑝 𝑧 𝜕𝑂𝑃𝐷 𝜕(𝑥 -𝑦) ) ] }, (2.4) 
where 𝐼 0 is the interferogram maximum of intensity in 𝑧 = 0, and 𝑂𝑃𝐷 stands for optical path difference, also referred to as optical thickness, linked to the phase 𝜙 of the incident electric field at a position with 𝜆 wavelenght as 𝜙 = 2𝜋 𝜆 𝑂𝑃𝐷.

(2.5)

Example applications

This technique is used to determine the induced modification of the OPD due to the presence of an arbitrary sample. The OPD spatial profile is obtained via analyzing the interferogram i.e., demodulating around specific carrier frequencies. Performing a Fourier transform on the interferences image generates a pattern with 9 peaks. These peaks are distributed in a square area.

There is a central peak, 4 lateral peaks and 4 peaks in the corner of the square. The 4 lateral peaks contain the phase gradient information along x and y. An inverse Fourier transform of these peaks enables to obtain phase gradient images along x and y. The final phase image is then retrieved by integrating the two phase gradient images. Making an inverse Fourier transform of the central peak gives the intensity of the incoming wave. A demonstration of the obtained intensity and OPD images after analyzing a raw interference image is shown in Figure 2.9 using a commercial wavefront sensor SID4-Element provided by Phasics. This first example shows the effect of single fs laser excitation of a Ag/TiO2 nanocomposite sample, which is further investigated throughout the present thesis. The irradiation and illumination were performed using the experimental arrangement that is presented later in chapter 4, section 4.2.2.

The intensity image was normalized by a reference image of the intact sample. The contrast in the intensity image is directly linked to the spatial distribution of the extinction of the sample, whereas the OPD image reveals information on the combined laser-induced refractive index and thickness change in the sample. The commercial QLSI wavefront sensor provided by Phasics was applied in the experiments described in chapter 4 instead of other phase techniques (e.g. Shack-Hartmann wavefront sensor, holographic methods, etc.), due to its achromatic design, noise insensitivity and very high phase resolution of 3 nm.

Historically, the QLSI finds its origin in the 90s by the work of Primot and his colleagues [START_REF] Primot | Achromatic three-wave (or more) lateral shearing interferometer[END_REF], [START_REF] Primot | Three-wave lateral shearing interferometer[END_REF]. There are many fields where this technology was applied, among those the work of Wattellier et al. allowed the development of new applications in laser metrology [START_REF] Wattellier | High-power short-pulse laser repetition rate improvement by adaptive wave front correction[END_REF]. In the followings, several works demonstrated that QLSI can be used in microscopic applications to investigate, e.g. low-contrast living cells [START_REF] Bon | Quadriwave lateral shearing interferometry for quantitative phase microscopy of living cells[END_REF]. As the refractive index of a medium is temperature dependent, the QLSI is able to measure the wavefront distortion due to localized heating generated by laser excitation of different materials. For small temperature change, the refractive index variation Δ𝑛 of a medium can be expressed as a linear temperature variation Δ𝑇 function such as:

Δ𝑛 = 𝜕𝑛 ∂𝑇 Δ𝑇. (2.6) 
For larger temperature variations, it is possible to approximate the temperature variation around with the Taylor's theorem [START_REF] Robert | Optical heating of gold nanoparticles and thermal microscopy[END_REF]. Baffou et al. illustrated the abilities of the technique by mapping the laser-induced temperature distribution of Au NPs with diffraction-limited spatial resolution and 1 K thermal resolution, accompanied by retrieving the absolute absorption crosssection [START_REF] Baffou | Thermal imaging of nanostructures by quantitative optical phase analysis[END_REF]. In other works, the QLSI technique was applied in ultrafast time-resolved experiments, for direct observation and quantitative measurement of the Kerr effect in fused silica, and free electron generation by photo-ionization process in optical coatings [START_REF] Gallais | Time-resolved quantitative-phase microscopy of lasermaterial interactions using a wavefront sensor[END_REF].

Mechanisms driving the self-organized reshaping of plasmonic metasurfaces

In this chapter, we report on a detailed study combining a broad range of experimental characterizations with numerical methods investigating the laser-matter interactions in ensemble of random plasmonic nanoislands encapsulated in a multilayer system. The interplay of the mechanisms detailed in the previous chapter results in a complex material response depending on the actual state of the gradually evolving system. The study explores the prominent roles of the direct interaction of the nanoisland ensemble with the electromagnetic field, the laser-induced temperature rise and the material relaxation on multiple timescales, eventually resulting in laser-induced anisotropy and emerging self-organized nanopatterns. The observed structural transformations are interpreted by numerical investigations of the laser-induced temperature rise considering the effect of thousands of pulses, and electromagnetic calculations revealing the quantitative origin of the self-organization phenomenon. Based on our results, laser-processed plasmonic metasurfaces could converge to realization in applications that strongly rely on laser-induced optical dichroism, such as the technique of printed image multiplexing, data storage and digital fabrication of nanoscale electronics. The results presented in this chapter are published in reference [START_REF] Eles | Mechanisms driving self-organization phenomena in random plasmonic metasurfaces under multipulse femtosecond laser exposure: a multitime scale study[END_REF].

Introduction

Laser irradiation of metallic NP ensembles enables to control the optical properties on largeextent areas with sub-micrometer resolution leading to realization of complex metasurfaces [START_REF] Destouches | Laser-empowered random metasurfaces for white light printed image multiplexing[END_REF], [START_REF] Dalloz | Anti-counterfeiting white light printed image multiplexing by fast nanosecond laser processing[END_REF]. The LSPR band of metallic NPs is highly sensitive to the NP size and shape distributions, electromagnetic coupling effects and surrounding medium refractive index. This property enables the realization of rewritable media with photochromic Ag/TiO2 films [START_REF] Crespo-Monteiro | Updatable random texturing of Ag/TiO2 films for goods authentication[END_REF], [START_REF] Naoi | TiO2 films loaded with silver nanoparticles: control of multicolor photochromic behavior[END_REF]- [START_REF] Han | Size-dependent photochromism-based holographic storage of Ag/TiO2 nanocomposite film[END_REF] or ink-less color printing mediated by reshaping Al [START_REF] Zhang | Full-visible multifunctional aluminium metasurfaces by in situ anisotropic thermoplasmonic laser printing[END_REF], Au [START_REF] Roberts | Laser writing of bright colors on near-percolation plasmonic reflector arrays[END_REF], [START_REF] Wang | Single-step laser plasmonic coloration of metal films[END_REF] and Ag [START_REF] Kuroiwa | Laser printing of translucent plasmonic full-color images with transmission-scattering dichroism of silver nanoparticles[END_REF], [START_REF] Chowdhury | Lithography-free plasmonic color printing with femtosecond laser on semicontinuous silver films[END_REF] NPs. Laser-generated assemblies of NPs provide dichroic spectral responses [START_REF] Destouches | Dichroic colored luster of laser-induced silver nanoparticle gratings buried in dense inorganic films[END_REF], [START_REF] Sharma | Tailoring metaldielectric nanocomposite materials with ultrashort laser pulses for dichroic color control[END_REF], [START_REF] Wang | Pure circular dichroism by curved rows of plasmonic nanoparticles[END_REF]- [START_REF] Fort | Dichroic thin films of silver nanoparticle chain arrays on facetted alumina templates[END_REF], enable to realize secure diffracting patterns [START_REF] Sharma | Laser-driven plasmonic gratings for hiding multiple images[END_REF] and multiplexed images [START_REF] Destouches | Laser-empowered random metasurfaces for white light printed image multiplexing[END_REF], [START_REF] Dalloz | Anti-counterfeiting white light printed image multiplexing by fast nanosecond laser processing[END_REF]. There is a great potential in laser-assisted reshaping of metallic NPs for low temperature, high-resolution fabrication of electrically conductive nano-and micropatterns without using expensive vacuum deposition techniques [START_REF] Ko | Nanoparticle selective laser processing for a flexible display fabrication[END_REF]- [START_REF] Son | Nanoscale electronics: digital fabrication by direct femtosecond laser processing of metal nanoparticles[END_REF]. In this technology, the application of fs lasers enables to surpass the light diffraction limit, and the direct fabrication of metal nanopatterns smaller than the excitation wavelength becomes possible. Submicron metal patterns on flexible polymer substrate is demonstrated as well owing to the localized heat deposition properties of ultrashort pulses [START_REF] Son | Fabrication of submicron-sized metal patterns on a flexible polymer substrate by femtosecond laser sintering of metal nanoparticles[END_REF]. In order to optimize the parameters of the laser processes for each kind of applications, it is required to deeply understand the physical and chemical mechanisms triggered in the material following the absorption of photon energy eventually leading to material transformations. In case of pulsed-laser irradiation, the material transformations usually require many pulses to reach new physical properties, like optical anisotropy [START_REF] Warth | Ultrafast dynamics of femtosecond laser-induced shape transformation of silver nanoparticles embedded in glass[END_REF], [START_REF] Akin Unal | Ultrafast dynamics of silver nanoparticle shape transformation studied by femtosecond pulse-pair irradiation pulsepair irradiation[END_REF]- [START_REF] Stalmashonak | Intensity-driven, laser induced transformation of Ag nanospheres to anisotropic shapes[END_REF], therefore studying the intermediate states of the material throughout the evolution is crucial to reveal the mechanisms driving the reshaping.

In this chapter, we characterize the multipulse shape transformations of Ag nanoislands ensem- Ag/TiO2 nanocomposite material is investigated due to its recently demonstrated excellent performance in laser-printed image multiplexing [START_REF] Destouches | Laser-empowered random metasurfaces for white light printed image multiplexing[END_REF], [START_REF] Dalloz | Anti-counterfeiting white light printed image multiplexing by fast nanosecond laser processing[END_REF]. These two materials form an ideal couple to get a large variety of colors by laser processing and also to create very particular optical properties that enable image multiplexing. Among noble metals, Ag is the one that gives rise to the largest color range with NPs smaller than 100 nm thanks to the spectral shift of the LSPR in the visible range. TiO2 is chosen for two main reasons. Firstly, its high refractive index allows to sustain a guided mode with a relatively low overall thickness (taking into account the two layers). Secondly, the electrochemical response of Ag/TiO2 couple efficiently contributes to Ag NP growth via ultrafast electron transfer into the TiO2 conduction band and subsequent ionic Ag reduction in the matrix.

The thickness of the Ag layer is empirically adjusted in order to obtain a layer of nanoislands in the physical vapor deposition. Towards thicker Ag layer, the transition from separate nanoislands into homogeneous film layer was observed resulting in the disappearance of the LSPR. It is known that the intensity autocorrelation of a Gaussian pulse has a temporal profile of a Gaussian function. Therefore, the fit of the autocorrelation function provides the pulse duration.

The measured pulse width of 196 fs demonstrates that the broadening due to the second harmonic generation is negligible.

The pulse energy is adjusted by a half-wave plate and polarizer combination, and the polarization incident on the sample is controlled by an additional half-wave plate. The laser beam is focused with a 30 cm focal length lens at the sample surface under a 45° incidence angle, resulting in an elliptical focal spot, whose horizontal and vertical 1/e radii are measured as described in the followings.

Liu's method is a simple experimental approach that allows to determine the focal spot radius by measurements of the sizes of laser-induced modifications at different irradiation energies [START_REF] Liu | Simple technique for measurements of pulsed Gaussian-beam spot sizes[END_REF], without the need for imaging the beam profile. This methodology assumes a Gaussian laser beam profile expressed as

𝐹(𝑟) = 𝐹 0 𝑒 - 2𝑟 2 𝜔 0 2 , (3.1) 
where 𝐹(𝑟) is the local fluence at a given radial position 𝑟, 𝐹 0 is the peak fluence value and 𝜔 0 is the radial Gaussian beam waist at 1/e 2 the peak value. In our case, the beam quality has beam validated by beam profiling method (CCD). One can define the marking fluence threshold 𝐹 𝑡ℎ as the local fluence corresponding to the border of the laser marking, exhibiting a radius equal to 𝑅. Therefore, Eq. (3.1) can be written as

𝐹 𝑡ℎ = 𝐹 0 𝑒 - 2𝑅 2 𝜔 0 2 , (3.2) 
which can be further transformed into a linear relationship by taking its logarithm, leading to:

𝑅 2 = 𝜔 0 2 2 ln 𝐹 0 𝐹 𝑡ℎ . (3.3)
However, the experimental parameter that is usually measured is not the peak fluence but the integrated pulse energy 𝐸. Generally, independently of the beam shape, the relationship between those parameters is linear, related with the effective beam area [START_REF] Garcia-Lechuga | Simple and robust method for determination of laser fluence thresholds for material modifications: an extension of Liu's approach to imperfect beams[END_REF]. Therefore, Eq. (3.3) can be expressed as

𝑅 2 = 𝜔 0 2 2 ln 𝐸 𝐸 𝑡ℎ , (3.4) 
where 𝐸 and 𝐸 𝑡ℎ are the pulse energy and the pulse energy threshold for the laser marking. As a result, the Gaussian beam waist 𝜔 0 can be determined through the slope of a linear regression.

In case of elliptical spot, the linear regressions can be performed for both vertical and horizontal laser marking radii. From the two slopes of the linear regressions, the 1/e spot diameters (2𝜔 0 /√2) for the horizontal and vertical dimensions are determined as 63 μm and 45 μm, respectively. The laser fluence

𝐹 = 2𝑃 𝑓 𝑟𝑒𝑝 • 𝜋𝜔 0,ℎ 𝜔 0,𝑣 , (3.5) 
where 𝑃 is the laser power, 𝑓 𝑟𝑒𝑝 is the laser repetition rate, 𝜔 0,ℎ and 𝜔 0,𝑣 are the 1/e 2 horizontal and vertical spot radii.

A New Wave (Leukos) supercontinuum (SC) source equipped with a tunable filter (BEBOP filter, Leukos) is used as an unpolarized quasi-monochromatic (10 nm spectral width) probe laser with 800 ps pulse duration and a tunable wavelength in the range 450 nm -700 nm. Probing in the visible wavelength range is necessary to spectrally resolve the transformation of the final LSPR. The beam is weakly focused with a 50 cm focal length lens in order to illuminate the entire fs laser excited area. The workflow starts with fixing the repetition rate of the probe and the pump laser pulses. The repetition rate of the probe is always divided by an integer value to reduce the pump laser frequency and thus record multiple frames between two consecutive pump pulses. The next step is setting the delay between a pump pulse and the first probe pulse. One pump pulse is always followed by a probe pulse train with a given number of pulses, whose first pulse arrives at a fixed time delay (with a 15 ns jitter). Finally, the desired probe wavelength is selected by means of the spectral filtering unit.

A video file containing all probing frames of the laser-excited area is recorded, beginning with the x th probe pulse (typically x = 100) before the first pump pulse and ending by the y th probe pulse after the N th pump pulse, with y and N being limited by the physical memory size of the camera (72 GB). Results are averaged over five video files recorded within the same conditions in a fresh area of the sample. Probe wavelength scans are performed with the Δλ = 10 nm bandwidth from 450 nm up to 700 nm, by steps of 10 nm. The data evaluation is composed of image processing routines developed in Matlab environment. The quantity that is shown in the results section corresponds to the absolute transmission coefficient of the sample in the center of the laser-processed area.

As a first step, the average pixel intensity of an area of reference located outside the pump laser spot is determined in the frame recorded just before the arrival of the first pump laser pulse.

The average intensity of the reference area is denoted by 𝐼 𝐴𝑜𝑅_𝐼𝐹 . The average pixel intensity of exactly the same area is measured in each of the recorded frames M and denoted by 𝐼 𝐴𝑜𝑅_𝑀 .

These values are used to normalize the intensity of all pixels in each frame M, which shows small variations caused by fluctuations of the probe laser pulse energy. It is assumed that the fluctuations of the laser source are visible in an equal manner over the whole frame. So, each frame 𝐼 𝑀 is divided by the ratio 𝐼 𝐴𝑜𝑅_𝑀 𝐼 𝐴𝑜𝑅_𝐼𝐹 ⁄ , as to normalize each frame with respect to the fluctuations of the probe laser pulse energy.

The subsequent step is a division of each frame 𝐼 𝑀 , pixel-by-pixel, by the frame 𝐼 𝐼𝐹 recorded just before the arrival of the first pump laser. This division removes the static speckle pattern coming from the illumination conditions, and yields the relative transmission value in each pixel, relative to the initial state of the material.

The next step is multiplying the whole image by the transmission coefficient of the initial film at the current wavelength 𝑇 𝑖𝑓 (𝜆), whose value is measured with the spectrometer before carrying out the in situ pump-probe experiment. With these steps, one obtains the absolute value of the film transmission coefficient T over the whole frame for each pixel, as

𝑇 = 𝐼 𝑀 𝐼 𝐼𝐹 𝐼 𝐴𝑜𝑅_𝐼𝐹 𝐼 𝐴𝑜𝑅_𝑀 𝑇 𝑖𝑓 (𝜆). (3.6) 
Finally, the transmission coefficient is calculated by averaging T over an area of 6x6 pixels at the laser spot center, which corresponds to circular area of 8.4 µm in diameter on the sample.

This transmission coefficient of the sample at the center of the laser processed area 𝑇 𝐶 , is the one that is reported in the results section.

The demonstration of the image normalization effect recorded at 640 nm probe wavelength can be seen in Figure 3. 

where 𝑇 𝑖 is the photo-induced temperature in the medium of index (i) of the multilayer system, t represents the time variable, 𝑟 ⃗ = (𝑥, 𝑦) the transverse space coordinate and z the direction perpendicular to the multilayer interfaces. The thermal parameters are the diffusivity 𝑎 𝑖 and the conductivity 𝑏 𝑖 . The thermal source in the medium (i) is named 𝑆 𝑖 , and corresponds to the volume density of optical losses.

Once the thermal source 𝑆 𝑖 is known, Eq. (3.7) is solved through a double Fourier transform versus time t and space coordinate 𝑟 ⃗. In the second Fourier plane, thermal admittances and thermal effective indices [START_REF] Amra | Analogies between optical propagation and heat diffusion: Applications to microcavities, gratings and cloaks[END_REF] in the multilayer are used according to a procedure similar to that used in optics to calculate the stationary electromagnetic field in the component [START_REF] Amra | Electromagnetic optics of thin-film coatings: light scattering, giant field enhancement, and planar microcavities[END_REF], [START_REF] Macleod | Thin-film optical filters[END_REF]. Finally, as the thermal source can be considered as a volume current, the resolution method is based on that used for the scattering of light by heterogeneous volumes in multilayer systems [START_REF] Amra | First-order vector theory of bulk scattering in optical multilayers[END_REF].

Under these conditions, the specificity of the photo-induced temperature problem lies in the expression of the source 𝑆 𝑖 (𝑟 ⃗, 𝑧, 𝑡). The expressions are greatly simplified if we assume that the incident optical source, which creates the absorption and therefore the temperature rise, is quasimonochromatic around the temporal frequency 𝑓 0 = 𝑐 𝜆 and only slightly divergent around the spatial frequency 𝜈 ⃗ 0 , which is consistent with our experimental conditions.

To take into account the interference pattern that arises between the incident wave and a guided wave excited by scattering [START_REF] Amra | Trapped light scattering within optical coatings: a multilayer roughness-coupling process[END_REF], a sinusoidal spatial modulation is added to the optical source.

The contrast

2𝛽 1+𝛽²
of this modulation is fixed to a low value by taking 𝛽 = 0.1 to simulate a limited coupling of incident light into the guided wave. Finally, it must be underlined that the time simulations of the temperature rise are carried out by considering that all the system parameters are fixed, which is, obviously, a strong approximation. With these hypotheses, the source (in 2D geometry) writes, for TE polarization, in the first Fourier plane:

𝑆 ̃𝑖(𝑥, 𝑧, 𝑓) = 𝜕𝒜 𝑖 𝜕𝑧 (𝜈 ⃗ 0 , 𝑧, f 0 ) 2 ℜ{𝑛 ̃0} ( ∂W ∂S ) 𝑒 -(𝜋𝜏𝑓) 2 2 |𝑒 𝑗2𝜋𝜈 0𝑥 𝑥 + 𝛽𝑒 -𝑗2𝜋𝜈 0𝑥 𝑥 | 2 , (3.8) 
where

𝜈 0𝑥 = 𝑠𝑖𝑛𝜃 𝑖 𝜆
, with 𝜃 𝑖 and 𝜆 and the incidence angle and the wavelength of the femtosecond laser, ∂W ∂S is the laser fluence, the temporal Gaussian function describes the limited pulse duration 𝜏, and

𝜕𝒜 𝑖 𝜕𝑧 = ( 𝜔 2 ) (𝜖 𝑖 ′′ |𝐸 𝑖 (𝑧)| 2 + 𝜇 𝑖 ′′ |𝐻 𝑖 (𝑧)| 2 ) (3.9)
is the linear absorption density at frequencies (𝑓 0 , 𝜈 ⃗ 0 ). This source function is repeated each

𝜏 𝑃 = 1 𝑓 𝑟𝑒𝑝
. Strictly speaking, the heat equation must be solved in a 3D geometry at different timescales. However, because the calculation is time-consuming, a 2D geometry is considered, so that the temperature may be slightly overestimated with a slower cooling.

Our model is compared with success to other results of the related literature [START_REF] Wang | Temperature field analysis of optical coatings induced by millisecond and nanosecond lasers[END_REF]. The comparison between the result of temperature modelling in reference [START_REF] Wang | Temperature field analysis of optical coatings induced by millisecond and nanosecond lasers[END_REF] and our model is demonstrated in Figure 3.6. HfO2/SiO2 multilayer mirror system deposited on K9 glass is considered, and the temperature distribution along the direction of depth in the films for 10 ns and 1 ms laser illuminations under normal incidence are calculated. In our calculations, we considered the same system for the 10 ns laser illumination case. The temporal shape of the laser pulse is assumed to be Gaussian function, and the temperature profile is calculated at the time when the laser intensity is maximum. The good agreement between the two results validates our approach. 

Electromagnetic calculations

These simulations are also carried out by the team CONCEPT from Fresnel Institute based on our suggestions for the design of the system and the choice of parameters. Self-organization phenomena are investigated by calculating the guided mode effective refractive index and electric field depth profile in a multilayer system using reflection pole method [START_REF] Amra | Electromagnetic optics of thin-film coatings: light scattering, giant field enhancement, and planar microcavities[END_REF], [START_REF] Shakir | Method of poles for multilayer thin-film waveguides[END_REF], [START_REF] Anemogiannis | Determination of guided and leaky modes in lossless and lossy planar multilayer optical waveguides: reflection pole method and wavevector density method[END_REF].

The model is a waveguide structure composed of three layers with 𝑒 𝑖 thickness and 𝑛 𝑖 refractive index for each layer 𝑖 as shown in Figure 3.7a, where 𝑛 0 and 𝑛 𝑆 are the refractive indices of the superstrate and substrate, respectively. If the system is illuminated by the electromagnetic field with 𝜆 vacuum wavelength and angle of incident 𝐴 𝑖 , the complex reflection coefficient at the first interface is provided as [START_REF] Amra | Electromagnetic optics of thin-film coatings: light scattering, giant field enhancement, and planar microcavities[END_REF] 𝑟 0 = 𝑛 ̃0 -𝑌 0 𝑛 ̃0 + 𝑌 0 ,

where 𝑛 ̃0 = 1 𝜂 0 𝜇 𝑟0 𝑛 0 cos𝜃 0 with 𝜃 0 = 𝐴 𝑖 angle of refraction in the superstrate, 𝑌 0 is the admittance at the first interface, 𝜂 0 is the vacuum impedance and 𝜇 𝑟0 is the relative magnetic permeability of the superstrate. 𝑌 0 is defined as the ratio of the tangential magnetic field to the tangential electric field. 𝑌 0 = 𝑛 ̃0 holds for a progressive wave (along the z axis), and 𝑌 0 = -𝑛 ̃0 holds for a retrograde wave (along thez axis), with the wave components demonstrated in Figure 3.7b. 𝑟 0 is defined as the ratio of the up-going component of the electric field to the down-going component. For confined waves within the multilayer structure, only retrograde wave exists in the superstrate, implying that |𝑟 0 | → ∞ (Eq. 3.10). Thus, the mode indices are those that make |𝑟 0 | infinite. Mathematically, the confined mode indices are the poles of 𝑟 0 . This is the basic foundation of the method. In general, 𝑟 0 is the reflection coefficient for the complex wave amplitude, and it is a mathematical factor that can take any value. It should not be confused with the Fresnel amplitude reflectance at an interface. In practice, it is more convenient to invert 𝑟 0 and work with its reciprocal.

It can be shown, that the admittance 𝑌 0 can be obtained by a recursive formula [START_REF] Amra | Electromagnetic optics of thin-film coatings: light scattering, giant field enhancement, and planar microcavities[END_REF] 𝑌 𝑖-1 = 𝑌 𝑖 cos(𝛼 𝑖 𝑒 𝑖 ) -𝑗𝑛 ̃𝑖sin(𝛼 𝑖 𝑒 𝑖 )

cos(𝛼 𝑖 𝑒 𝑖 ) -𝑗 𝑌 𝑖 𝑛 ̃𝑖 sin(𝛼 𝑖 𝑒 𝑖 ) , (3.11) 
where 𝑛 ̃𝑖 = itialize the recursion, it can be shown, that the admittance at the last interface is provided as 𝑌 3 = 𝑛 ̃𝑠. As a summary, to obtain the complex effective index of a guided mode supported by the multilayer structure, the minimum of the inverse reflection coefficient at the superstrate 𝑟 0 (𝜈) needs to be calculated. Once 𝜈 = 𝜈 𝑔 is obtained, the guided mode effective refractive index is provided as 𝑛 𝑔 = 𝜆𝜈 𝑔 . Finally, provided that the mode effective refractive index is determined, an additional recursive formula enables to compute the spatial intensity profile of the guided mode for S polarization [START_REF] Amra | Electromagnetic optics of thin-film coatings: light scattering, giant field enhancement, and planar microcavities[END_REF]:

𝐸 ̂𝑖,𝑡𝑔 (𝜈 𝑔 ) = [cos(𝛼 𝑖 (𝜈 𝑔 )𝑒 𝑖 ) + 𝑗 𝑌 𝑖-1 (𝜈 𝑔 ) 𝑛 ̃𝑖(𝜈 𝑔 ) sin(𝛼 𝑖 (𝜈 𝑔 )𝑒 𝑖 )] 𝐸 ̂𝑖-1,𝑡𝑔 (𝜈 𝑔 ), (3.12) 
with 𝐸 ̂0,𝑡𝑔 (𝜈 𝑔 ) = 1 + 𝑟(𝜈 𝑔 ).

(3.13)

Experimental results

This section details the wide range of experimental results aiming to characterize the irreversible transformations of the multilayer system in the multipulse regime using different experimental conditions. In situ spectral measurements reveal the multipulse evolution of the optical response of the material, and ex situ electron microscopy investigations provide the corresponding structural transformations. In the last part of this section, in situ electron microscope experiments are performed by Dr. Matthieu Bugnet from MATEIS laboratory of University of Lyon revealing the morphological transformations of Ag nanoislands upon thermal annealing (no laser irradiation is performed). The delay between each fs pump pulse and the first probe pulse is set to 15 ns in this figure.

Each fs pulse, beginning from the very first one, causes a permanent change in the sample transmission spectrum. During the first ~10 pump pulses, the original absorption of the LSPR band, with a transmission minimum at around  = 1000 nm wavelength (Figure 3.1 in Experimental methods), is weakened at long wavelengths and strengthened at shorter wavelengths.

Moreover, significant differences are observed for the two probe polarization states as a result of laser-induced dichroism in the sample. This trend continues and leads to a flattening of the spectrum during the next ~50 pulses, yielding an overall increase in transmission for both polarizations, with an average value of about 70% over the whole spectral range probed. Upon further increasing the number of pulses, the transmission over the entire spectrum constantly decreases at a slow rate, up to about N = 1000. Subsequently, up to N = 6000 pulses, a broad dip emerges, centered at  = 530 nm for perpendicular polarization, and  = 600 nm for parallel polarization, which sharpens and redshifts until the end of the recorded evolution (N = 50000).

These experiments are performed at a fixed pump laser repetition rate of 75 kHz. In order to evaluate the sensitivity of the kinetics of the spectral transformation to the rate of the heat accumulation, repetition rate scan is performed at constant pump laser fluence. The results are presented in the following section.

Effect of the heat accumulation

Figure 3.10 shows the shot-to-shot evolution of the transmission coefficient at a constant probing wavelength (λ = 530 nm), plotted for three different pump laser repetition rates and constant fluence of 31 mJ/cm 2 . Figure 3.10a shows in all cases an initial fast decrease during the first 10 pulses, followed by a strong increase over the next 80 to 90 pulses, before decreasing again abruptly until around N = 130 (dashed line), where the evolution is slowed down. Up to this point, the overall evolution of each pulse does not depend significantly on the repetition rate.

For higher pulse numbers, the kinetics of the spectral changes is slowed down strongly and the influence of the repetition rate increases, which is a signature of thermal accumulation, playing an important role on the sample evolution on this timescale. Additionally, the subsequent formation of the transmission dip is by far not finished within the first 800 pulses at 5 kHz, in contrast to the higher repetition rate observation at 200 pulses. In consequence, substantially different NP structures could be achieved by solely tuning the laser repetition rate. In the following investigations, the sample response in the first conditions is investigated in details, i.e., 75 kHz repetition rate and 31 mJ/cm 2 laser fluence.

Time-resolved experiments on short timescale

A more accurate investigation of the sample evolution over the first hundreds of ns after each pump pulse has been carried out with the 15 ns temporal-resolution of the experiment. Figure 3.12 shows that the unpolarized transmission coefficient at λ = 530 nm remains fairly constant from 15 ns to 1 µs, independently of the pulse number N, for which we plot the time variations.

This implies that all significant permanent transformations in the sample occur in less than 15 ns. A short summary of the results from the in situ spectral measurements is provided as follows.

The experiments conducted at different laser fluences and probed at single wavelength revealed that the kinetics of the sample response is strongly sensitive to the laser fluence, which indicated heat-sensitive NP reshaping mechanisms. This was further supported by experiments using different laser repetition rates, revealing the sensitivity of the spectral transformations on heat accumulation. Pump-probe experiments conducted on the ns-µs timescale revealed that the sample relaxation is faster than ~15 ns independently from the fs pulse number. Additionally, the pulse-to-pulse evolution of the polarized transmission spectrum evidenced the formation of laser-induced dichroism, which implies anisotropic NP shapes and nanostructures. The NPs have a prolate shape with an average aspect ratio of 1.28, whose longer axis lies along the polarization of the fs laser pulses. The average value of the major axes is determined as 10.9°. Based on the cross-section images, the two TiO2 films have merged into a single one, and all NPs are embedded.

At Neff = 50000, the small-period NP grating can be appreciated in the top view image. It seems to originate from a modulation of the NP density in the direction perpendicular to the long period fringes. Compared to the case of Neff = 6000, the cross-section is very similar but the NP size distribution is more heterogeneous. It is worth noting that no modulation of the upper TiO2 layer topography is observed, whatever the pulse number is.

A short summary of the results from all the electron microscopic investigations of the laserirradiated sample is provided as follows. At low number of pulses (N ≤ 10), the images revealed a decrease of the Ag filling factor from 70% to 47%. After a few tens a pulses, selforganized grating formed that was aligned parallel to the fs laser polarization, and the grating period was 525 ± 40 nm. The cross-sectional chemical maps revealed Ag NPs sandwiched between two TiO2 thin films, together with Ag NPs located on top of the TiO2 surface. At Neff = 1016, the NP shapes and locations were very similar to the previous ones, except that the fringes seemed less regular, and the distance between the two TiO2 films was smaller. At Neff = 6000, the fringes merged completely yielding a homogeneous distribution of large NPs possessing prolate shapes with an average aspect ratio of 1.28, whose longer axis lied along the polarization of the fs laser pulses. The multilayer system merged into a single one, with all NPs embedded.

At Neff = 50000, the small-period NP grating reformed, its orientation was also parallel to the laser polarization, and its period was 235 ± 20 nm.

Comparison of in situ thermal annealing to laser-induced heating

In the previous section, the morphological transformations of nanoislands ensemble upon laserinduced heating were revealed. In order to establish a link between the structural observations and the spatial temperature profile, in situ thermal annealing experiments are conducted in TEM, and the evolution of the nanoisland morphology is compared to the laser-heated sample.

In these experiments, similar Ag/TiO2 multilayer sample with Ag thickness of 5 nm and TiO2 thicknesses of 20 nm is directly deposited on a TEM grid, and in situ heated gradually in the range 100 -1000 °C in an image-corrected FEI Titan ETEM G2 transmission electron microscope. The structural evolution of the nanoislands is monitored using "Z-contrast" annular darkfield (ADF) imaging conditions in scanning transmission electron microscopy mode, at 300 kV, and under high vacuum conditions (~10 -6 mbar). A slow ramping time of 5 minutes is used. A sequence of plan-view STEM-ADF images of the nanoislands at different annealing temperatures is shown in Figure 3.18, accompanied by the sample at room temperature for comparison. There are two major effects of the high-temperature treatment to the nanoislands morphology.

In the first place, dark areas appear in the STEM-ADF images from 550 ºC, suggesting that the average interparticle distance increases towards higher temperatures. Additionally, nanoisland edges progressively get rounded to reach nearly circular shapes at high temperatures. In the final state at 1000 ºC, mostly large spherical NPs are observed. These observations already enable to draw the first conclusion about the temperature profile in the STEM images of the laser-heated samples shown in Figure 3.16. In the spatial regions of spherical particles in the sample marked with Neff = 58, the temperature rise is supposed to be higher than in the regions containing nanoislands with decreased size and interparticle distance. The threshold for reshaping into spherical particles is reached at least for a short time after the pulse excitations in those regions. Additionally, the temperature threshold in the sample marked with Neff = 6000 is homogeneously reached everywhere, which can be attributed to the heat accumulation upon the high-repetition-rate laser irradiation.

In order to quantitatively investigate the evolution of the morphology with the temperature, the Ag filling factor and the number of nanoislands are determined in each image using image processing routines. The evolution of these two quantities is shown in Figure 3. It is important to emphasize that the NP sizes and shapes are rather heterogeneous in our sample.

The comparison with the MD simulations in section 1.4.2 in chapter 1 provides important information about the NP coalescence in our sample, but additional factors might be important to consider, e.g. possible changes in the solid-liquid interfacial energy due to curvature effects [START_REF] Asoro | Size effects on the melting temperature of silver nanoparticles: in-situ TEM observations[END_REF], and the presence of the TiO2 matrix (Ag encapsulation). To further evaluate the mechanism of coalescence in similar samples to the present one, MD simulations with more complex NP shapes would be needed. Additionally, it is important to mention that in our laser-treated sample, the different processes possibly occur at a lower temperature than in the in situ annealing experiment due to the different pressure.

Discussion

The multipulse evolution of the polarized transmission spectrum of the sample and the obtained information about the morphology and distribution of NPs for a few selected pulse numbers shed light on the different mechanisms that successively play a role in the laser-induced transformations and self-organization of Ag nanoislands. The following discussion first focuses on the laser-induced physical chemical mechanisms at the origin of the morphological changes in the film. In the second part, the optical phenomena involved in the occurrence of self-organized periodic nanopatterns are discussed.

Morphological transformations

Since TiO2 does not absorb the incident pump laser wavelength (515 nm), the fs laser-induced mechanisms are triggered by the absorption of light by Ag nanoislands through their LSPR, which transfers photon energy to the electrons. The linear absorption coefficient at the pump wavelength is rather high (initial transmission at 515 nm is approximately 0.69 as shown in Figure 3.9), therefore, linear absorption is expected to dominate. Ultrafast electron-electron scattering gives rise to hot electrons that are not in thermodynamic equilibrium with the Ag lattice [START_REF] Bigot | Electron dynamics in metallic nanoparticles[END_REF]. Their ballistic velocity is estimated to be ≈10 6 m/s, and their energy lies in the range between 1 eV and 4 eV [START_REF] Hohlfeld | Time-resolved thermoreflectivity of thin gold films and its dependence on film thickness[END_REF], [START_REF] Linic | Plasmonic-metal nanostructures for efficient conversion of solar to chemical energy[END_REF]. Electrons having high enough energy to overcome the Schottky barrier (>1 eV) at the metal nanoislands/ TiO2 interface are injected in the conduction band of TiO2, leaving behind positively charged ions at the surface of the nanoisland [START_REF] Clavero | Plasmon-induced hot-electron generation at nanoparticle/metal-oxide interfaces for photovoltaic and photocatalytic devices[END_REF], [START_REF] Tian | Mechanisms and applications of plasmon-induced charge separation at TiO2 films loaded with gold nanoparticles[END_REF]. This plasmon-induced electron transfer has been measured to be faster than 240 fs for Au NPs [START_REF] Furube | Ultrafast plasmon-induced electron transfer from gold nanodots into TiO2 nanoparticles[END_REF] and is expected to be of the same order of magnitude for Ag nanoislands.

The strong repulsive force between neighboring Ag + ions can lead to ion ejection, which has been reported as Coulomb explosion in works with ultrafast lasers [START_REF] Bulgakova | Electronic transport and consequences for material removal in ultrafast pulsed laser ablation of materials[END_REF] or as ionic release when continuous wave light is used [START_REF] Kazuma | Photoinduced reversible changes in morphology of plasmonic Ag nanorods on TiO2 and application to versatile photochromism[END_REF], [START_REF] Crespo-Monteiro | Irradiance influence on the multicolor photochromism of mesoporous TiO2 films loaded with silver nanoparticles[END_REF]. The Coulomb explosion occurs typically over a timescale of 1 ps. The ion ejection results in a shrinkage of NPs and seems to be the main mechanism that drives the nanoisland reshaping during the very first pulses, where a shrinkage is observed (Figure 3.13). The latter well explains the pulse-to-pulse decrease of the broad LSPR (flattening of the transmission spectrum) of the initial nanoislands, reported in Figure 3.9. The time-resolved pump-probe experiments also confirm that during the first fs laser pulses, the reshaping mechanism occurs in less than 15 ns after each pulse because the transmission remains constant afterward until the next fs laser pulse.

Hot electrons that do not pass the Schottky barrier relax via electron-phonon coupling, leading to NP thermalization on a timescale of a few picoseconds, according to the literature [START_REF] Hartland | Optical studies of dynamics in noble metal nanostructures[END_REF]. The temperature rise in the nanoislands features a peak value that depends on the laser fluence and on the initial temperature of the material. This initial peak temperature is gradually reduced via heat transfer toward the vicinity by two mechanisms: thermal conduction across the NP-surrounding interface and heat diffusion to the surrounding material [START_REF] Hartland | Optical studies of dynamics in noble metal nanostructures[END_REF]. The transferred heat energy results in a temperature rise in the thin TiO2 film usually within less than 10 ns [START_REF] Brongersma | Plasmon-induced hot carrier science and technology[END_REF].

This temperature rise relaxes over a timescale that depends on the thermal parameters of the system, the fluence, and the laser beam diameter on the film. According to the experiments, the relaxation time appears to be longer than the temporal period between two successive fs laser pulses (13.3 μs), as the effect of pulse accumulation has been observed to depend on the laser repetition rate.

In order to support the above interpretations of the experiments based on the results reported in the literature, simulations of the laser-induced temperature rise in the multilayer system were carried out using a model that is described in section 3.3.1. As Ag nanoislands cover a large part of the intermediate layer, which resembles a near-coalescence metallic film, the model considers a homogeneous layer with averaged optical and thermal parameters resulting from a mixture of Ag and air. The simulations are carried out for a 15 nm-thick absorbing layer sandwiched between two 30 nm-thick TiO2 layers. The multilayer is supported by a semi-infinite glass substrate, illuminated at 515 nm wavelength, with 190 fs long light pulses at 75 kHz repetition rate. The field intensity is modulated with a 525 nm period of spatial modulation along the x direction to take into account the interference phenomenon, which takes place in the film between the incident wave and a guided wave and which leads to the self-organized structures, as explained in the next subsection. This model does not account for the film transformations pulse after pulse, but it helps to estimate the time during which thermal modulation induced by light modulation sustains in the film after each pulse and the effect of thermal accumulation in this multipulse process.

The optical and thermal coefficient of each medium are assumed to be constant over the temperature rise and are chosen as follows. 𝑛 𝑇𝑖𝑂 2 = 2.43 [START_REF] Siefke | Materials pushing the application limits of wire grid polarizers further into the deep ultraviolet spectral range[END_REF], 𝑎 𝑇𝑖𝑂 2 = 8.47*10 -7 m²/s [START_REF] Franc | Mirror thermal noise in laser interferometer gravitational wave detectors operating at room and cryogenic temperature[END_REF], 𝑏 𝑇𝑖𝑂 2 = 2.5 W/m/K [START_REF] Franc | Mirror thermal noise in laser interferometer gravitational wave detectors operating at room and cryogenic temperature[END_REF], nglass=1.52 [START_REF] Cengel | Heat and mass transfer: a practical approach[END_REF], aglass = 0.62*10 -6 m²/s [START_REF] Cengel | Heat and mass transfer: a practical approach[END_REF] and bglass = 1.14 W/m/K [START_REF] Cengel | Heat and mass transfer: a practical approach[END_REF]. The refractive index of the absorbing layer is calculated using the Maxwell Garnett equa-
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, with 𝑛 𝐴𝑔 = 0.05 + j * 3.2695 [START_REF] Johnson | Optical constant of the nobel metals[END_REF], 𝑛 𝑎𝑖𝑟 = 1; and 𝜂 the filling factor of Ag equals 0.7 obtained based on the SEM image of the initial sample, leading to n = 6.9498 + j*0.5575. While the thermal coefficients of this layer is defined as the following weighted averages: a = 0.7 aAg + 0.3 aair with aAg = 173*10 -6 m²/s [START_REF] Cengel | Heat and mass transfer: a practical approach[END_REF] and aair = 20.5 * 10 -6 m²/s [START_REF] Salazar | On thermal diffusivity[END_REF], leading to a = 127.3 * 10 -6 m²/s for the diffusivity; b = 0.7 bAg + 0.3 bair with bAg = 427 W/m/K [START_REF] Cengel | Heat and mass transfer: a practical approach[END_REF] and bair = 0.025 W/m/K [START_REF] Salazar | On thermal diffusivity[END_REF], leading to b = 298.9 W/m/K for the conductivity.

The transmission coefficient considered for the simulations is very close to the one of the initial film at 515 nm, i.e., 69%. According to Figure 3.9, after few hundreds pulses, the transmission coefficient of the film at the pump laser wavelength decreases below this value, and the film absorbs more incident photons. It is thus reasonable to consider that the following simulated temperature rise underestimates the real temperature rise in the film. However, the simulation results shown hereafter are consistent with changes observed in the sample. The temperature increases very rapidly in the absorbing Ag layer, it reaches a maximum at the TiO2/glass interface located 30 nm away from the Ag/TiO2 interface after about 10 ns, which is consistent with the literature [START_REF] Kazuma | Photoinduced reversible changes in morphology of plasmonic Ag nanorods on TiO2 and application to versatile photochromism[END_REF]. The maximum temperature reached at the bottom interface is much lower than the maximum temperature reached in the Ag layer, and the temperature gradient induced by the intensity modulation in the Ag layer does not exist at the bottom interface. The simulations after the first fs laser pulse (Figure 3.20a and b) show that the temperature rise in the absorbing layer varies between 400 K and 600 K over one period of the interference pattern. However, the temperature modulation in this layer vanishes after about 1 ns, when the maximum and minimum temperatures converge to a temperature rise below 100 K. This confirms that the time for atoms to move due to thermal energy is short during the first pump laser pulses. This is consistent with the time-resolved measurements, which do not detect any change in the material between 15 ns and the next pulse.

According to the periodic shape distribution of nanoislands observed in Figure 3.16 after N = 58 laser pulses, the fringes showing a shrinkage of nanoislands must correspond to the regions where the temperature lies below the melting point of Ag, whereas it lies above in the regions where the nanoislands coalesce and reshape to form larger and more regular NPs. The melting temperature of Ag is known to depend on the radius of curvature of NPs [START_REF] Lu | Size-, shape-, and dimensionalitydependent melting temperatures of Nanocrystals[END_REF], [START_REF] Luo | Size effect on the thermodynamic properties of silver nanoparticles[END_REF]. Around 1000-1200 K (depending on the NP shape) for radii larger than 7 nm, the melting temperature can decrease down to less than 500 K for radii smaller than 2 nm.

In this sample, the nanoislands are rather large but flat and heterogeneous in shape, which may locally lead to very small radii of curvature. By comparing the experimental results (Figure 3.16) with the simulated temperature rise (Figure 3.20), it can be inferred that the range of temperature rises required for Ag NP reshaping is between 400 K and 600 K in the sample. For the next demonstration, it is estimated to be around 500 K. During the first tens of pulses, the maximum temperature rise in the middle of the Ag layer does not evolve significantly, and the time during which the temperature rise lies above 500 K after each pulse is less than 20 ps. The very short time may explain the fact that only fs laser-induced atomic desorption occurs during the first fs laser pulses, leading to a slight shrinkage of all NPs [START_REF] Stalmashonak | Intensity-driven, laser induced transformation of Ag nanospheres to anisotropic shapes[END_REF]. Thermal reshaping due to TMmax,c > 500 K is only observed after few tens of pulses in localized periodic patterns. After almost 1000 pulses, TMmin,c, the maximum temperature rise in the low-intensity fringes in the middle of the Ag layer also exceeds the melting temperature of Ag for a very short time. This means that thermally induced reshaping can start almost everywhere in the Ag layer and can lead to less regular grating lines.

The higher temperature in the fringes, where the coalescence occurs before 1000 pulses, also promotes ionic Ag diffusion [START_REF] Es-Souni | Brookite formation in TiO2-Ag nanocomposites and visible-light-induced templated growth of Ag nanostructures in TiO2[END_REF], [START_REF] Viana | Preparation of amorphous and crystalline Ag/TiO2 nanocomposite thin films[END_REF], and can explain the higher concentration of small Ag NPs on top of the TiO2 surface in these regions, as observed in Figure 3.14 and Figure 3.16.

The Ag + ions released by atomic desorption from the nanoislands [START_REF] Stalmashonak | Intensity-driven, laser induced transformation of Ag nanospheres to anisotropic shapes[END_REF] exhibit large diffusion coefficient and mobility, which increase by orders of magnitude at high temperatures [START_REF] Kulczyk-Malecka | Investigation of silver diffusion in TiO2/Ag/TiO2 coatings[END_REF].

Following the chemical potential gradient in the material, Ag tends to migrate toward the air/ film interface up to few hundreds fs pulses. During the first tens of pump pulses, the nanoisland shrinkage tends to decrease their initial absorption in the infrared, and the growth of very small particles (<10 nm) on the top surface contributes to increase the absorption at low wavelength (<460 nm), as predicted by Mie theory [START_REF] Bakhti | Singular representation of plasmon resonance modes to optimize the near-and far-field properties of metal nanoparticles[END_REF]. These mechanisms lead to a flattening of the transmission spectrum with a relatively high average transmission, as observed in Figure 3.9.

Upon further increase in pulse number, the coalescence and reshaping of nanoislands into larger NPs is likely to cause an increase in the absorption observed. Previous studies investigating NP coalescence discussed that the particle-substrate adhesion might have an important role in the characteristic timescale for the coalescence process. The interaction between the atoms of the metallic NPs and the substrate can be described by Lennard-Jones type potential [START_REF] Pan | The coalescence of supported gold nanoparticles induced by nanosecond laser irradiation[END_REF]. Taking into account the moderate adhesion, the molecular dynamic simulations revealed that reduced particle-substrate interaction results in faster coalescence dynamics [START_REF] Pan | The coalescence of supported gold nanoparticles induced by nanosecond laser irradiation[END_REF]. The substrate thermal properties also have a significant impact on the coalescence/sintering process via heat loss through heat conduction to the substrate. In general, higher thermal conductivity for the substrate results in the need for higher processing laser intensity. This was demonstrated by the numerical comparison of sintering dynamics of Ag NPs on boron-doped silicon wafer and glass [START_REF] Son | Nanoscale electronics: digital fabrication by direct femtosecond laser processing of metal nanoparticles[END_REF]. The results revealed that considerably longer time is needed to reach the sintering temperature (about 6.5 times longer) on silicon wafer due to its high thermal conductivity (90.76 W/m/K). Owing to the low thermal conductivity of TiO2 (2.5 W/m/K) in this study, the sintering/coalescence of NPs is triggered efficiently and finishes in less than ∼15 ns, as confirmed by the time-resolved measurements. Additionally, it is important to note that the non-wettability of the Ag/TiO2 interface related to the roughness of TiO2 and the cohesion between the Ag atoms being larger than the adhesion between Ag and TiO2 further promote efficient merging process of the melted NPs.

Starting at about 6000 fs pulses, the periodic nanopatterns disappear, and larger and regular NPs are being formed over the whole film rather homogeneously. This allows the emergence of another periodic pattern in the Ag layer (Figure 3.16). Lateral gradients of light intensity can govern the physical-chemical mechanisms. In such a configuration, ionization and Ag + ion ejection can be invoked, but mostly in the fringes of maximum light intensity. Ag ionic diffusion toward areas where less Ag + ions are released (lower intensity fringes) can occur. Similarly to the Ostwald ripening mechanism and following the Fick's laws [START_REF] Liu | Laser induced mechanisms controlling the size distribution of metallic nanoparticles[END_REF], [START_REF] Thanh | Mechanisms of nucleation and growth of nanoparticles in solution[END_REF] smaller Ag NPs present in the high intensity regions begin to disappear. This process also feeds Ag NPs present in the low intensity regions, which eventually leads to the grating observed after 50000 fs pulses. Due to the weak in-plane thermal gradient, the grating forming process is not efficient and requires such a high pulse number.

Optical origin of self-organized reshaping

In this section, we consider the optical mechanisms that occur at the same time as the physicalchemical mechanisms, and which lead to modulate the incident light intensity in the multilayer.

The multilayer acts as a waveguide, and the effective index of its guided modes can be calculated by searching the complex poles of the reflection coefficient of the system, as described in references [START_REF] Amra | Electromagnetic optics of thin-film coatings: light scattering, giant field enhancement, and planar microcavities[END_REF], [START_REF] Amra | Trapped light scattering within optical coatings: a multilayer roughness-coupling process[END_REF] and section 3.3.2. The field of the guided mode can be described as:

𝐸(𝑥, 𝑧) = 𝐴(𝑧) exp(𝑗𝛽𝑥) = 𝐴(𝑧)exp (𝑗𝛽 ′ 𝑥) exp(-𝛽 ′′ 𝑥),

where 𝛽 = 𝛽 ′ + 𝑗𝛽 ′′ is the complex propagation constant, 𝛽 ′ = 2𝜋 𝜆 𝑅𝑒(𝑛 𝑒 ), with 𝑅𝑒(𝑛 𝑒 ) the real part of the effective index, and 2𝛽 ′′ the attenuation coefficient. Here, two effective indices are successively estimated by considering the opto-geometrical parameters given by STEM characterizations after 58 and 50000 pulses, which are the stages where the two gratings are observed, respectively. The following parameters are deduced from the analysis of STEM images of Figure 3.16. After 58 pulses, the simulated system is composed of three layers, TiO2/Ag:Air/TiO2, whose thicknesses are 30 nm / 15 nm / 30 nm. The Ag filling factor in the middle mixed layer is η = 25 ± 7 %. After 50000 pulses, the simulated system is composed of a single layer, Ag/TiO2, whose thickness is 70 nm. In this single layer, the Ag filling factors of η = 8 ± 2 % and η = 4 ± 1 % were used. As the two TiO2 layers have merged into a single one whose thickness is 10 nm larger than the sum of the two initial TiO2 layers, the layer may be less dense than the initial layers and its refractive index lower than nTiO2 = 2.43.

After 58 pulses, the inverse of the reflection coefficient of the structure exhibits a sharp and pronounced minimum value for a complex propagation constant equal to 𝛽 = Calculation of the effective index of the guided mode for two volume fractions of Ag NPs in a single layer whose refractive index is varied to show the presence of a resonance at the pump wavelength λ when the NPs diffuse from a low-index medium to a high-index one.

As described in the first chapter, assuming the excitation of guided mode, by means of scattering on the metallic nanoislands in the direction perpendicular to the TE incident polarization, its interference with the incident wave impinging under incidence angle 𝜃 𝑖 = 45° gives rise to intensity modulations in the film along the direction perpendicular to the incident polarization.

The spatial period of the interference pattern can be expressed with Eq. (1.18). During static exposures, both forward and backward modes can be excited equally, leading to two different periods that superimpose. This is probably the reason for the weaker self-organized nanopatterns observed in static exposure (Figure 3.15). Writing lines by moving the sample favors the mode excited in the forward direction, i.e., the translation direction, and leads to a well-defined period. In the experiments, all lines are written in the forward direction and should lead, when using Re(𝑛 𝑒 ) = 1.75 to a grating period of 494 nm. This period matches well the grating period, 525 ± 40 nm, measured in the lines written at Neff < 6000.

At 50000 pulses, the three initial layers have merged and Ag NPs are embedded in a single TiO2 layer whose thickness is slightly larger than the sum of the two initial TiO2 layers. Consequently, the TiO2 layer may be expected to be less dense than the initial layers and its refractive index lower than the one considered up to now for this material (𝑛 𝑇𝑖𝑂 2 = 2.54). The filling factor of Ag inside the TiO2 is also less easy to estimate since the NPs are not aligned in the same plane but distributed in a 70 nm thick layer. For these reasons, we consider the variations of the real part of the mode effective index with the matrix refractive index for two Ag filling factor. Figure 3.22b shows that the real part of the mode effective index encounters a maximum when the matrix refractive index varies around 2.2-2.3. The latter is due to the LSPR of Ag NPs, which reaches the femtosecond laser wavelength when the matrix refractive index increases to a value larger than 2 (merging of the two TiO2 layers). According to Figure 3.22b, it appears reasonable that the real part of the mode effective index can reach the value of 2.89, which leads, according to Eq. (1.18), to the period of 235 ± 20 nm observed experimentally.

The main reason for explaining the smaller period of the grating pattern that forms after a long exposure time is therefore the merging of the two layers, which results from a temperature rise that exceeds the melting temperature of Ag at any time between the fs laser pulses. The formation of self-organized structures for Neff > 17 is certainly at the origin of the polarization-dependent transmission spectrum of the sample observed in Figure 3.9 up to about N = 1016, which leads to a blue-shifted resonance for the TE polarization compared to the TM one.

While the grating structure vanishes at higher effective pulse numbers, the dichroism is reinforced. At Neff = 6000, the NPs grow in size and transform into prolate spheroids aligned along the linear laser polarization, as demonstrated in Figure 3.17. Correspondingly, two LSPR bands emerge in the transmission spectra (Figure 3.9), which correspond to the major and the minor axes of the spheroid. Such a shape anisotropy upon fs laser irradiation has also been reported in works of Stalmashonak et al. [START_REF] Stalmashonak | Intensity-driven, laser induced transformation of Ag nanospheres to anisotropic shapes[END_REF], [START_REF] Stalmashonak | Spectral range extension of laser-induced dichroism in composite glass with silver nanoparticles[END_REF]. Upon further increasing the pulse number, the evolving grating features a sharpening and slight redshift of both resonances, a process that continues up to 50000 pulses. After a few thousands of pulses, the temperature modulation in the film transiently exceeds the melting temperature of Ag everywhere, including where it is minimum, leading to a homogeneous spatial distribution of larger ellipsoidal NPs. Anisotropic NP shapes arise from the interaction with the strong electric field of the ultrashort laser pulses and the limited time of the temperature increase.

Conclusion

After tens of thousands of pulses, the temperature rise is permanently higher than the melting temperature of Ag. The Ag NPs disperse in the TiO2 layers that merge, and their LSPR approaches the pump laser wavelength. The increased effective refractive index of the guided mode results in the emergence of an interference pattern with smaller period. The high temperature at any time and everywhere in the film then promotes Ostwald ripening mechanisms that very slowly form low-period gratings, where Ag NPs grow in the low-intensity lines, and shrink in the high-intensity lines.

As a conclusion of the chapter, following the pulse-to-pulse evolution of plasmonic materials appears as a powerful strategy to unravel the complex material transformation pathways, thus providing key information for process optimization, e.g. in identifying specific dichroic and spectral properties. Important investigations of the ultrafast dynamics of the NP reshaping was not possible to conduct due to the temporal resolution of the setup being limited to 15 ns. To overcome this limitation, the setup was subsequently improved by installing a mechanical delay line. The results obtained by the updated setup are detailed in the next chapter of the thesis.

Ultrafast dynamics of plasmonic NP shape transformations

In the previous chapter, the multipulse shape transformation of Ag NP ensemble encapsulated between two titania layers under fs laser irradiation was investigated in details. The time-resolved pump-probe experiments performed on the ns -µs timescale evidenced that all the relaxation dynamics finishes in shorter timescales independently from the pulse number. The present chapter can be regarded as a continuation of the previous chapter aiming to explore the ultrafast timescales of the material shape transformation in the multipulse regime. Similarly to the complex evolution of the optical response of the material probed at a fixed delay (15 ns in the previous chapter) at different pulse number regimes, the ultrafast dynamics of the sample response exhibits strong pulse number-dependent features. Here, the ultrafast time-resolved experiments are further extended to investigations above the single-pulse film ablation threshold and below the reshaping threshold. The latter is performed using commercial transient absorption spectroscopy, whereas the former is supported by dynamical phase measurements using QLSI technique. Furthermore, ex situ electron microscopy investigations of the irradiated samples provide direct evidences for ultrafast phenomena dominating the size reduction process in the investigated low pulse number regime, as well as self-organization

Introduction

Most of the ultrafast time-resolved experiments of fs laser-excited plasmonic NPs are conducted in the weak excitations regime, where NP shape transformation is not triggered by the laser excitation [START_REF] Hodak | Spectroscopy and dynamics of nanometersized noble metal particles[END_REF], [START_REF] Otomalo | Sharp spectral variations of the ultrafast transient light extinction by bimetallic nanoparticles in the near-UV[END_REF], [START_REF] Ferrera | Thermometric calibration of the ultrafast relaxation dynamics in plasmonic Au nanoparticles[END_REF], [START_REF] Del Fatti | Nonequilibrium electron dynamics in noble metals[END_REF]. The literature of the time-resolved ultrafast NP reshaping is rather limited. In the followings, the relevant studies are summarized. In other study, the ablation of Au NPs below the melting point was characterized using ps scattering technique [START_REF] Plech | Femtosecond laser near-field ablation from gold nanoparticles[END_REF]. This process was induced by the optical near-field enhancement close to curved surfaces.

In this chapter, the ultrafast dynamics of photoexcited Ag nanoislands encapsulated in multilayer stack is investigated in three groups of experiments. In the first part, transient absorption spectroscopy reveals the relaxation dynamics of transient plasmon bands, when excitation below the shape transformation threshold is applied. This study is followed by the investigation of ultrafast dynamics of shape transformations in the multipulse regime using pump-probe microscopy setup. Furthermore, the morphological transformations are ex situ characterized by STEM measurements directly evidencing the ultrafast phenomena. In the third group of experiments, the ultrafast dynamics of sample transformations above the ablation threshold is investigated, defined as a partial film removal process.

Experimental methods

Transient absorption spectroscopy for reversible excitation

The sketch of the transient absorption spectroscopy setup can be seen in equipped with a NMOS linear image sensor (HAMAMATSU S8380-256Q). The spectral resolution is ~1.7 nm. The chopper allows the pump beam to be blocked half of the time to ensure the measurement of probe pulse intensity with and without pump pulse, at both states using 0.5 ms acquisition time (integrating over 32 probe pulses). One differential absorption spectrum at a fixed delay ΔA(λ, t) is a result of averaging 10,000 spectra. nonlinear effect can be found elsewhere [START_REF] Lorenc | Artifacts in femtosecond transient absorption spectroscopy[END_REF].

Such a measurement also provides information about the dispersion of the pump-probe setup.

Due to the different phase velocities of the spectral components of the white light probe, one can observe a time difference between the times of arrival at each probe wavelength. The dispersion is acquired during the white light generation and propagation in the different media (including air). As a result, the broadening of the initial 200 fs pulse duration can be expected. The temporal resolution of the experiment is defined as the width of the signal, which is measured to be ~700 fs. However, this value exhibits slight wavelength-dependence, i.e., varying in the range of ~500 fs -700 fs (Figure 4.3). The same measurement was performed for all pump wavelengths used in the later experiments (1100 nm in this chapter, 700 nm and 540 nm in chapter 5). The dispersion correction is manually performed by fitting a polynomial function on the estimated center of the signal at each wavelength. The dispersion corrected data can be seen in Figure 4.3b. This manual correction is performed in each raw data.

Pump-probe microscopy for irreversible excitation

The sketch of the ultrafast pump-probe microscopy setup is demonstrated in Figure 4. The important modifications concern the probe beam. The probe beam is the output of the OPA and harmonic generator described in the previous section (in that experiment, it was used as the pump beam). The laser repetition rate is fixed by the OPA and harmonic generator to 60 kHz.

The output of the OPA and harmonic generator is sent into a single-pass mechanical delay line installed manually in this setup (the commercial HARPIA pump-probe spectroscopic arrangement is not used). The maximum delay is ~3 ns. The optical alignment of the delay line is carefully conducted by observing the beam directional stability throughout the full delay range of 3 ns, far from the output of the delay line. Subsequently, the probe beam is weakly focused on the sample by a lens with a focal distance of 40 cm. The pump laser-induced changes are observed using optical microscope in transmission configuration (same objective, tube lens, Notch filter and ultrahigh-speed camera as in Figure 3.2a, without the polarizer). In the image plane of the microscope, an achromatic quadriwave lateral shearing interferometer (Phasics SID4-Element) is used to perform phase-sensitive experiments, as described in chapter 2. The operational wavelength range of the interferometer is 450 nm -800 nm. In all the following experiments, S polarization is used for the pump beam, and the probe polarization is perpendicular to it.

The workflow begins with selecting a probe wavelength in the range of 450 nm -800 nm, and recording a video file with each frame containing the interference image of the laser-affected area after each pump pulse (with the fixed 60 kHz repetition rate), using single probe pulse per image acquisition. The same is repeated at each selected delay value. The intensity (transmission) and phase information is obtained from the raw interference images using commercial evaluation software SID4-BIO provided by Phasics. Once obtained, the same image treatment routines are used as described in chapter 3. Results were averaged over three video files recorded within the same conditions in a fresh area of the sample. Same as in the experiments in chapter 3, one video file is recorded with one selected probe wavelength (Δλ ~ 4 nm). In the following experiments, the probe wavelengths of 450 nm and 630 nm are used. the origin can be attributed to nonlinear optical effects, such as cross-phase modulation [START_REF] Lorenc | Artifacts in femtosecond transient absorption spectroscopy[END_REF].
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In both cases, signal contribution is detected in the time window of -200 fs to ~600 fs. Therefore, the estimated temporal resolution of the setup is 800 fs. The corresponding phase images are less reliable to investigate due to the considerably stronger signal fluctuation. 

Results and discussions

This section summarizes the wide range of experimental results about the ultrafast dynamics of the photoexcited multilayer system using two experimental conditions. At the first part, the ultrafast energy relaxation below the reshaping fluence threshold is characterized using the transient absorption spectroscopic setup. Subsequently, the ps dynamics of the irreversible shape transformations is demonstrated either below or above the ablation threshold.

Reversible energy relaxation

The reversible ultrashort and short dynamics of ensembles of photoexcited plasmonic nanoislands are investigated using the transient absorption spectroscopic setup. In these experiments, pump laser fluence of 0.8 mJ/cm 2 and 60 kHz repetition rate were used. Similar Ag/TiO2 multilayer samples are investigated as in chapter 3, with different nominal Ag thicknesses prepared on N-BK7 glass substrate using the same preparation method and conditions described in the Experimental methods section of chapter 3. The TiO2 layer thicknesses are fixed at 30 nm in all cases.

We start the data analysis with the sample that contains a Ag layer of 5 nm. The plan-view electron microscopy image and the corresponding steady-state absorbance spectrum of the sample can be seen in Figure 4.6. The red segment of the spectrum indicates the region of the probe spectrum: 380 nm -650 nm.

The absorbance spectrum contains two relevant features from the point-of-view of the transient experiments. Broad LSPR centered at 1000 nm, that dominates the absorbance over several hundreds of nanometers, and a secondary, weaker resonance in the spectral region of interest (red part of the spectrum), which is overlaid with the broad, primary resonance. In the followings, the broad resonance and the weaker resonance are denoted as R0 and R1, respectively. The transient absorption spectra reflect four distinct spectra regions with different transient behaviors due to the modification in the dielectric function of Ag after pump-photon absorption [START_REF] Voisin | Ultrafast electron dynamics and optical nonlinearities in metal nanoparticles[END_REF]. A positive signal below 400 nm, which is referred to as photo-induced absorption (PIA) [START_REF] Ferrera | Thermometric calibration of the ultrafast relaxation dynamics in plasmonic Au nanoparticles[END_REF], the negative signal between 400 nm and 500 nm, known as plasmon bleaching [START_REF] Warth | Ultrafast dynamics of femtosecond laser-induced shape transformation of silver nanoparticles embedded in glass[END_REF], rather flat transient between 500 nm and 550 nm, and finally an additional negative feature above 550 nm. These features result from the sum of the transient responses of the two LSPR modes associated with the Ag nanoislands. The relaxation of the four types of signal is demonstrated at different time delays from 1 ps until 500 ps.

The vertical blue line indicates the approximated spectral position of R1, for a comparison with the first negative feature of the transient spectra. The dashed blue line is a guide for the eye helping to identify the presence of the resonance overlaid to the slowly varying background. Compared to the previous sample (Figure 4.7), the PIA signal below 390 nm side of the spectrum is slightly blue-shifted, and the bleaching signal around ~400 nm is narrower. The bleaching signal is directly linked to the narrower R1 in the steady-state spectrum. Corresponding to the narrower bleaching signal, the flat transient feature on the long wavelength wing of the bleaching signal extends on a shorter wavelength region.

Discussion on transient absorption spectra

The spectral shape of 𝛥𝐴(𝜆, 𝑡) around a LSPR band exhibits transparency feature (negative differential absorption signal referred as bleaching) and a photo-induced absorption (positive signal) feature previously demonstrated by several works in various materials such as Au [START_REF] Zhang | Transient localized surface plasmon induced by femtosecond interband excitation in gold nanoparticles[END_REF]- [START_REF] Wang | Broadband spectral signature of the ultrafast transient optical response of gold nanorods[END_REF], Ag [START_REF] Warth | Ultrafast dynamics of femtosecond laser-induced shape transformation of silver nanoparticles embedded in glass[END_REF], [START_REF] Voisin | Ultrafast electron dynamics and optical nonlinearities in metal nanoparticles[END_REF], [START_REF] Shevchenko | Unusual transient absorption dynamics of silver nanoparticles in solutions of carboxylated amine complexions[END_REF] and Cu [START_REF] Bigot | Electron dynamics in copper metallic nanoparticles probed with femtosecond optical pulses[END_REF]. It is a consequence of the enhancement of the nonlinear optical response around the LSPR due to the dielectric confinement, as discussed in chapter 2.

In the case of multiple resonances in the steady-state absorbance spectrum, the transient spectrum around each resonance reflects the sum of the individual effects, the contributions of the bleaching and induced absorption features add together resulting in a complex transient spectrum with alternating negative and positive features [START_REF] Otomalo | Sharp spectral variations of the ultrafast transient light extinction by bimetallic nanoparticles in the near-UV[END_REF], [START_REF] Wang | Broadband spectral signature of the ultrafast transient optical response of gold nanorods[END_REF].

First, we examine the transient features above 400 nm in the spectra shown in Ag layer. In that sample, the presence of a resonance R1 is strongly manifested in its transient spectrum, however somewhat hidden in its steady-state absorbance (Figure 4.9).

The photo-induced absorption signal below 400 nm is detected in all samples regardless to the steady-state LSPR spectrum. It is important to note that this band is definitely correlated to the presence of metal NPs, since the experiments on the substrate with no Ag layer does not exhibit any signs of transients outside the temporal overlap region. It is suggested that the nature of this band is not directly related to LSPR. A possible explanation is transient modification of the energy transitions from the d-bands below the Fermi energy to the s-p conduction band of Ag as a result of smearing of the Fermi level due to heating of the conduction electrons [START_REF] Warth | Ultrafast dynamics of femtosecond laser-induced shape transformation of silver nanoparticles embedded in glass[END_REF], [START_REF] Pinchuk | Influence of interband electronic transitions on the optical absorption in metallic nanoparticles[END_REF], [START_REF] Averitt | Linear optical properties of gold nanoshells[END_REF]. Increased density of interband transitions could result in a transient increase of absorption rather far from the interband transition threshold of Ag (~300 nm), in our experiments expanding until ~400 nm.

As a summary, the complex transients are results of the sum of contributions of different resonances in the material. The individual spectral regions can be well-described by the combination of photo-induced absorption and plasmon bleaching contributions. Additionally, resonances hidden (or rather weakly exhibited) in the stationary spectra can be revealed by the ultrafast differential transient signal. In the following sections, the ultrafast dynamics of the NP reshaping in the sample containing 10 nm thick Ag layer is investigated further.

Ultrafast dynamics of irreversible transformations below the single-pulse ablation threshold

At first, the results of the reshaping dynamics are presented by the temporal response of the material probed at 630 nm and 450 nm using the pump-probe microscopy setup. Figure 4.10

shows the evolution of the relative transmittance in the center of the laser-irradiated area on short (< 9 ps) and longer timescales until 1000 ps using pump laser fluence of 43 mJ/cm 2 at 515 nm wavelength. As mentioned, the relative transmittance at each pixel is defined by the ratio 𝐼 𝑑 /𝐼 0 , where 𝐼 𝑑 and 𝐼 0 are the pixel intensities at a fixed time delay 𝑑 and the initial film, respectively. The intraband pump photon absorption results in instantaneous excitation of hot electrons [START_REF] Hartland | Optical studies of dynamics in noble metal nanostructures[END_REF], [START_REF] Hodak | Spectroscopy and dynamics of nanometersized noble metal particles[END_REF]. The first, sudden signal decrease at τ = 0 ps corresponds to the energy equilibration between the electrons in the Ag NPs via e-e collision. Thermalized, hot Fermi electron distribution is established which is not in thermal equilibrium with its environment. The amplitude variation of the signal reflects the increasing electron temperature, which can reach the temperature region of 10 4 K in the laser fluence region where irreversible NP reshaping occurs [START_REF] Warth | Ultrafast dynamics of femtosecond laser-induced shape transformation of silver nanoparticles embedded in glass[END_REF]. The characteristic timescale for the internal energy redistribution is a few hundreds of femtosecond in nobel metals [START_REF] Voisin | Ultrafast electron dynamics and optical nonlinearities in metal nanoparticles[END_REF]. In Figure 4.10, the signal decreases until τ = 600 fs, from which point it exhibits a slower, increasing trend until τ = 3 ps for both wavelength. During and after the electron interaction, the energy is transferred to the lattice by e-ph interaction. In consequence, the temperature of the metallic NP strongly increases. This causes the signal increase observed after τ = 600 fs.

The coupling interaction between the electrons and the lattice can be described by the twotemperature model (TTM) taking into account the temperature-dependent electronic heat capacity, and the coupling constant of the electron-phonon system [START_REF] Hartland | Optical studies of dynamics in noble metal nanostructures[END_REF], [START_REF] Hohlfeld | Electron and lattice dynamics following optical excitation of metals[END_REF]. The temperature dependence of the electron heat capacity results in that the timescale for e-ph coupling depends on the initial electronic temperature, i.e., on the injected energy into the electron plasma. The higher laser fluence results in a faster energy exchange between the electrons and the phonons.

The model is suitable for providing the temperature evolution of the two-particle system during the thermalization process. As a consequence of the considerably higher lattice heat capacity at room temperature than the electronic heat capacity, the initial electronic temperature after laser excitation is much higher than the temperature of the equilibrated electron-phonon system. In the low excitation regime, the typical timescale for this process is a few ps [START_REF] Link | Spectral properties and relaxation dynamics of surface plasmon electronic oscillations in gold and silver nanodots and nanorods[END_REF]. In the present case, the process is not finished until τ = 20 ps where a considerably slower signal decays are observed for both cases. This overly longer e-ph interaction is consistent with the earlier findings reported at comparable laser excitation fluences [START_REF] Warth | Ultrafast dynamics of femtosecond laser-induced shape transformation of silver nanoparticles embedded in glass[END_REF]. The signal amplitudes at the minimum of the transmittance reflect the rate of the electron plasma heating. From the direct comparison of the signal amplitudes in the minimum, it is obvious that the higher local fluence results in a stronger electronic heating in consequence of the higher amount of deposited energy that is reflected by the optical signal change. With increasing laser fluence, the buildup of the hot Fermi distribution becomes faster [START_REF] Del Fatti | Ultrafast optical nonlinear properties of metal nanoparticles[END_REF], however, this is not reflected in our data because of the poor sampling of the time delays. The "memory" of the stronger initial electronic heating is preserved during the e-ph and ph-ph interactions, i.e., it is reflected in higher signal amplitudes at any further time delays. Each example signal exhibits persistent spectral changes at the longest delay of τ = 1000 ps. The higher local fluence results in a stronger rate of NP reshaping, which is indicated by the change in the relative transmittance.

The spatial scan reveals that the strongest spectral changes finish during the e-e and e-ph interactions, independently from the local laser fluence.

At the end of the e-ph interaction around 20 ps, the temperature of the heated NP ensemble can be estimated to several hundreds of degrees, as revealed by the temperature simulations in the previous chapter (Figure 3.20). Towards longer delays, considerably slower and smaller spectral variations are observed at different sample positions governed by heat flow through the nanostructure interfaces and heat diffusion in the surrounding medium. The characteristic timescales for these two processes are in general similar, which makes it complicated to distinguish them. For any case, the heat coupling into the environment transiently alters the dielectric function of the surrounding medium, that results in tuning LSPR band spectral properties, thereby significantly contributes to time-resolved signals [START_REF] Stoll | Time-resolved investigations of the cooling dynamics of metal nanoparticles: Impact of environment[END_REF].

It was earlier demonstrated for Au NPs in aqueous solution (without persistent NP reshaping) that the rate of the heat dissipation does not depend on the initial temperature of the NPs [START_REF] Hu | Heat dissipation for Au particles in aqueous solution: relaxation time versus size[END_REF].

Our data supports this observation, as no characteristic distinction between the relaxation dynamics at different local fluences is detected except the amplitude variation that seems to decrease towards lower local fluences (e.g. the comparison of yellow and green curves).

Temporal dynamics of NP reshaping in the multipulse regime

In these experiments, the accumulating shape transforming effect of each fs pulse is investigated. Figure 4.12 shows the evolution of the ultrafast dynamics of the relative transmittance with increasing fs pulse number recorded at 630 nm probe wavelength. The first important observation is the persistent transmission decreasing effect of each fs pulse during the first five pulses. Each curve starts from gradually lower transmittance value relative to the initial sample, as one can observe in the negative delay data points. Further increasing pulse number results in a change of tendency, i.e., persistent transmittance increase is observed. Additionally, peculiar transformation of the dynamics during the e-e interaction is detected. The decreasing signal observed in the case of N < 2 subsequently transforms into increasing transients at higher fs pulse numbers. The gradually decreasing transmittance at N < 5 and the transformation of the optical dynamics during the e-e interaction are clear indications of the LSPR band transformation due to irreversible reshaping effect of each fs laser pulse, and it will be further discussed in the discussion section. In the regime where the transmittance decreases (left image), the cooling of the thermalized NPs and the heating of the TiO2 matrix are reflected by the slow signal relaxation on hundreds of ps. On this timescale, the increasing number of pulses does not exhibit any relevant differences in the relaxation dynamics. However, important feature can be seen when N > 5 (right image). The red vertical line at τ = 200 ps indicates strong transmittance rise evidencing the activation of a delayed NP reshaping mechanisms that is eventually responsible for the persistent transmittance increase. Except the fluctuations in the signal, the increasing trend seems monotonous and rather slow, since it does not seem to finish until 1000 ps.

The ultrashort and longer time delay dynamics at lower local laser fluence are demonstrated in For comparison, the multipulse evolution of the transmittance in the beam center probed at 450 nm can be seen in Figure 4.15. In opposite to the multipulse tendency observed at the red wavelength in Figure 4.13, persistent transmittance decrease is evidenced independently from the pulse number. ph-ph interaction is observed as slow signal decaying on hundreds of ps (blue and green curves).

The higher laser fluence results in higher initial signal amplitude at the beginning of the e-ph interaction. Further from the beam center, where the initial electronic heating is lower, the disappearance of the signal from the ph-ph interaction can be observed (cyan and purple curves).

There is an indication of the perturbation of the electron plasma around 0 ps delay, and the deposited energy decays via e-ph interaction on a few ps without detectable heat coupling into the environment. In these cases, the increase in electron temperatures can be estimated below chapter that the periodic NP reshaping can be attributed to the excitation of embedded guided modes within the multilayer that interferes with the incident laser light giving rise to a periodic intensity and temperature modulation [START_REF] Liu | Three-dimensional self-organization in nanocomposite layered systems by ultrafast laser pulses[END_REF], [START_REF] Loeschner | Self-organized, gratinglike nanostructures in polymer films with embedded metal nanoparticles induced by femtosecond laser irradiation[END_REF], [START_REF] Destouches | Self-organized growth of metallic nanoparticles in a thin film under homogeneous and continuous-wave light excitation[END_REF].

Here, the period of the self-organized grating Λ = 525 ± 40 nm matches very well with the observations from the previous experiment discussed in chapter 3, because of the same illumination conditions (angle of incident, laser polarization and wavelength). These NPs can be found preferentially near the bigger nanoislands, where the local curvature of the contour of the nanoislands are very small. These are the spatial regions, where the electric near-field enhancement is expected to be high, reaching values higher than the incident electric field intensity by several orders of magnitude [START_REF] Zhang | Optical generation of hot plasmonic carriers in metal nanocrystals: the effects of shape and field enhancement[END_REF], promoting NP fragmentation process. The cross-section images in Figure 4.20 evidence the migration of Ag NPs towards the free surface after laser exposure. Initially, all Ag NPs are embedded between the two TiO2 layers. It implies that some amount of the small, fragmented NPs that we see on the plan-view STEM images might be on the top surface. Even so, based on their positions observed from the top, we can be certain that the fragmentation and the subsequent migration process is promoted locally where the near-field enhancement is high. In the cross-section image at N = 4, Ag content is observable in the TiO2 layers, which results from the STEM lamella preparation. The released Ag + content in the matrix serves for the seeds for the NP reformation on the surface and in the matrix.

Finally, it is important to note that the 450 nm probe wavelength does not seem to reflect this slower reshaping process ( The black arrows indicate the opposite evolution at the probe wavelengths of 450 nm and 630 nm. In that experiment, the same size reduction is evidenced as in the present case. As described in the previous chapter, the nanoisland shrinkage tends to decrease their initial absorption in the infrared, and the formation of small particles on the top surface contribute to increase the absorption at low wavelength (λ < 470 nm). Furthermore, two kinds of ring pattern are observable in these images. Inside the laser spot, the intensity image at 1000 ps delay recorded at 630 nm clearly shows a dark center, a bright ring and a dark outer ring (Figure 4.23, intensity image at 1000 ps). This ring pattern confined the ablated region is called Newton ring, it is a direct evidence of film expansion, and will be discussed later. Furthermore, this probe wavelengths evidence a second ring pattern appearing outside the ablated spot, which is still observable even after the removal of a film disk. This ring pattern confined outside the laser spot has fundamentally different origin from the transient Newton ring. The scattered probe light from the ablating crater towards the non-excited region interferes with the direct light leading to constructive/destructive interference regions, therefore these rings outside the laser spot are diffraction-induced rings [START_REF] Puerto | Dynamics of plasma formation, relaxation, and topography modification induced by femtosecond laser pulses in crystalline and amorphous dielectrics[END_REF]- [START_REF] Domke | Ultrafast pump-probe microscopy with high temporal dynamic range[END_REF]. Their appearance is a further indicator for the onset of mechanical deformation. Such diffraction rings are evidenced by the 450 nm probe wavelength also (Figure 4.24), however Newton rings are not detected using this wavelength. The latter can be attributed to the strong probe light scattering, and is further evaluated in the discussion section. In general, the blue probe wavelength also reflects the particular temporal dynamics of the ablation process, i.e., the transmission increase starting at 50 ps, and the onset of the transmission decrease at 200 ps. Regarding the dynamics of the OPD at different local fluences, it exhibits similar tendency as the red wavelength (Figure 4.25). One important difference is that the OPD reaches a saturation value around 50 nm, which is not the case for the red wavelength.

The comparison between the wavelength-dependent transmission dynamics above 50 ps is shown in Figure 4.27, and it can be attributed to the formation of Newton rings as a result of film bulge, and it is further evaluated in the following discussion section. The onset of the ablation process at both wavelength is at 50 ps indicated by the arrows in this figure. 

Discussion on ablation phenomena

The comparison between the results above and below ablation threshold reveals that relevant differences in the dynamics emerge on the scale of hundreds of ps delay. In the earliest time delays, the same mechanisms are expected to occur as discussed previously, i.e., development of hot Fermi electron plasma, which relaxes via e-ph and ph-ph interactions. Indeed, the ultrashort time-resolved investigations of laser-induced ablation of metallic thin films reported the same mechanisms with additional processes due to the extreme high initial electron energies.

The series of mechanisms described by other studies on laser ablation can be summarized as follows.

In the first ps, photon absorption, electron heating and ultrafast melting were described [START_REF] Domke | Ultra-fast movies of thin-film laser ablation[END_REF].

The ablation onset was estimated approximately around 10 ps, driven by phase explosion, when the laser fluence strongly exceeded the ablation threshold. In such conditions, the matter was ejected in a diffuse and cluster-like liquid-gas state [START_REF] Zhigilei | Atomistic modeling of short pulse laser ablation of metals: connections between melting, spallation, and phase explosion[END_REF], [START_REF] Lorazo | Thermodynamic pathways to melting, ablation, and solidification in absorbing solids under pulsed laser irradiation[END_REF]. Using fluence just above the ablation threshold was reported to cause stress confinement in the excited layer, forming a cavity between two interfaces followed by an ejection of the upper liquid shell, which was referred to as film spallation [START_REF] Domke | Ultra-fast movies of thin-film laser ablation[END_REF]. In the latter case, the detailed evolution of the pressure and stress is described in [START_REF] Schrider | Femtosecond laser interaction with ultrathin metal films: modifying structure, composition, and morphology[END_REF], and summarized for metals in the followings.

During the first few picoseconds, the temperature of the lattice rises without a significant increase in volume, resulting in a buildup of pressure in the heated layer. A strong pressure gradient is created. The high pressure in the heated layer relaxes via expansion along direction of the pressure gradient, toward the free surface. The pressure gradient below the heated layer launches a compressive wave into the bulk. Behind the compressive wave, a rarefaction wave follows that results in a buildup of a tensile stress in the material. At sufficiently high fluences, the mechanical stress is strong enough to overcome the cohesive strength of the metal leading to film damage, known as spallation, which is the dominant mechanism for material removal in metals. In this process, the metal melting temperature is reached, and the compressive and tensile stress evolves in the thin molten layer at the surface. As the tensile stress intensifies, free volumes (voids) in the hot liquid coalesce, further increasing the stress within the heated area.

Eventually, it can exceed the cohesive strength of the liquid, the layer breaks releasing an upper liquid layer. In case of fs laser ablation of very thin films (thickness around 50 nm), rapid surface expansion was reported due to the generation of high compressive stress on the film surface and the buildup of small upward tensile stress on the film/substrate interface [START_REF] Gupta | Comparison of ablation mechanisms at low fluence for ultrashort and short-pulse laser exposure of very thin molybdenum films on glass[END_REF]. This tensile stress triggered the initial delamination of the film. When the high compressive stress propagating from the film surface inside the film reached the film/substrate interface, it enhanced the delamination, and the relaxation of high compressive stress caused surface deformation.

In studies above the ablation threshold, concentric ring pattern were observed in the ablated area in many studies [START_REF] Hallum | Time-resolved ultrafast laser ablation dynamics of thin film indium tin oxide[END_REF], [START_REF] Bonse | Timeand space-resolved dynamics of ablation and optical breakdown induced by femtosecond laser pulses in indium phosphide[END_REF]. Such rings in the ablated spot originate from interference phenomenon. Light is reflected by the upper liquid layer and the stationary surface of the sample, and the two rays interfere. As the displacement of the moving layer increases (increasing dome height, film bulge), the phase difference between the reflected rays varies. It was demonstrated in previous studies that the speed of material ejected after fs laser irradiation is proportional to the local fluence [START_REF] Sokolowski-Tinten | Transient states of matter during short pulse laser ablation[END_REF]. In most experiments, the laser pulse has a Gaussian spatial distribution, therefore the ejected layer forms a dome with a spatial displacement proportional to the local fluence. With increasing phase difference between light rays reflected from the expanding layer and the stationary sample, the interference pattern will contain successive maxima and minima, whose numbers vary as the film expands. Such interference pattern is called Newton rings. In case of bulk materials, shock-wave injection into the solid was reported, while expansion of the ablation front started with a subsequent rarefaction wave after a few 10s ps [START_REF] Rethfeld | Timescales in the response of materials to femtosecond laser excitation[END_REF]. As a result, bulge of the heated area and formation of Newton rings were observed [START_REF] Garcia-Lechuga | Key stages of material expansion in dielectrics upon femtosecond laser ablation revealed by double-color illumination timeresolved microscopy[END_REF], [START_REF] Der Linde | The physical mechanisms of short-pulse laser ablation[END_REF].

In our sample, the sudden transmittance increase observed at 50 ps for both probe wavelength relaxing via film expansion, as described previously in the case of very thin films and metals [START_REF] Schrider | Femtosecond laser interaction with ultrathin metal films: modifying structure, composition, and morphology[END_REF], [START_REF] Gupta | Comparison of ablation mechanisms at low fluence for ultrashort and short-pulse laser exposure of very thin molybdenum films on glass[END_REF]. Optically, in the present case, the peculiar increase and subsequent decrease observed at both probe wavelength (Figure 4.27) can be attributed to the dynamical evolution of the Newton ring pattern due to the film bulge. The intensity image at 1000 ps delay recorded at 630 nm clearly shows inside the laser-ablated area a dark center, a bright ring and a dark outer ring (Figure 4.23). Unfortunately, the 450 nm probe wavelength experiences stronger probe light scattering than the red wavelength due to the mixture of ablated material, shielding the sample surface, and it does not show any clear Newton rings pattern. Otherwise, wavelengthdependent ring spacing would be observable for the same delay. Similar shielding effect was reported in other studies, involving phase explosion that caused scattering of the probe pulse on the gas-liquid mixture [START_REF] Domke | Ultra-fast movies of thin-film laser ablation[END_REF], [START_REF] Bonse | Timeand space-resolved dynamics of ablation and optical breakdown induced by femtosecond laser pulses in indium phosphide[END_REF], [START_REF] Garcia-Lechuga | Key stages of material expansion in dielectrics upon femtosecond laser ablation revealed by double-color illumination timeresolved microscopy[END_REF]. One could expect that more rings would appear At higher delays, a portion of the film lifts off, and eventually the separated film floats away on the microsecond timescale owing to its initial kinetic energy.

Conclusion

In this chapter, the ultrafast dynamics of the energy relaxation in fs-laser-exited Ag/TiO2 nanocomposites was investigated both above and below the shape transformation threshold. In the latter case, the transient absorption spectra could be understood by the combination of photoinduced absorption and plasmon bleaching contributions of the LSPR bands in the steady-state absorbance spectrum. The characteristics of these resonances were transiently affected when illuminating the sample with ultrashort laser pulses. Narrow resonance bands hidden in broader resonance bands could be clearly revealed by investigating the transient spectra.

In the high energetic region, below the ablation threshold, the shape transformation was shown to be governed by size reduction due to charge-assisted atomic desorption and local NP fragmentation processes, undoubtedly revealed by the ex situ electron microscopy investigations.

Two-color pump-probe microscopy revealed the ultrafast dynamics of the pulse-to-pulse LSPR transformation. Additionally, slower reshaping process was evidenced after a few pulses (N > The combination of the multipulse shape transformation study presented in chapter 3 with the ultrashort dynamics of the NP reshaping detailed in this chapter enabled to conclude about several general aspects of the laser-matter interactions in such multilayer nanocomposites on a variety of timescales. The presented groups of results will be useful for further researches aiming to employ such materials in promising applications such as printed image multiplexing,

Investigation of coherent acoustic pulse emission by plasmonic NP ensembles

In the previous chapter, transient absorption spectroscopy revealed the relaxation of photoexcited plasmonic nanoisland ensembles, when pump laser fluence below the irreversible reshaping threshold was applied. Various heat energy relaxation pathways were discussed on different timescales following the instantaneous photon absorption. Beside the heat energy transfer to the surrounding, the metallic layer affects the matrix and the substrate via its mechanical transformation as well. The ultrashort nanoisland thermalization leads to a buildup of compressive stress within the layer, which further evolves into an acoustic wave travelling at the local speed of sound in the medium. Hereby, the pump photon energy is partially converted into mechanical energy that relaxes in the surrounding at the same time with the thermal relaxation of the heated NPs. In this chapter, the excitation and propagation of acoustic waves emitted by random plasmonic NPs are investigated. The dynamics of the energy dissipation of the acoustic pulse during its propagation in glass medium is characterized. This work was carried out in collaboration with the FemtoNanoOptics group of Institut Lumière Matière in Villeurbanne, France.

Introduction

Efficient coupling between light pulses and the acoustic phonons of a material can be realized using different types of opto-acoustic transducer, enabling the generation of coherent wavepacket of phonons with picoseconds pulse duration and spatial extent in the range of tens of nm. Such acoustic pulses find applications in nanoscale imaging of mechanical properties [START_REF] Gusev | Advances in applications of time-domain Brillouin scattering for nanoscale imaging[END_REF],

or in fundamental studies on frequency-dependent sound attenuation, e.g. in disordered media [START_REF] Morath | Phonon attenuation in amorphous solids studied by picosecond ultrasonics[END_REF]- [START_REF] Fabian | Theory of sound attenuation in glasses: the role of thermal vibrations[END_REF]. Thin metallic films are frequent choices for opto-acoustic transducers [START_REF] Zhu | Attenuation of longitudinal-acoustic phonons in amorphous SiO2 at frequencies up to 440 GHz[END_REF], [START_REF] Klieber | Narrow-band acoustic attenuation measurements in vitreous silica at frequencies between 20 and 400 GHz[END_REF]. Several investigations were also conducted with size-reduced transducers, which are crucial for improving the lateral resolution in imaging applications (lateral resolution being limited by diffraction to a few hundreds of nm in the film case). Quantum wells were for instance used as acoustic sources [START_REF] Lin | Spatial manipulation of nanoacoustic waves with nanoscale spot sizes[END_REF].

Additionally, attempts were made for using single metallic NPs as transducers, whose vibrational eigenmodes have been widely investigated [START_REF] Crut | Optical absorption and scattering spectroscopies of single nano-objects[END_REF], [START_REF] Burgin | Timeresolved investigation of the acoustic vibration of a single gold nanoprism pair[END_REF], [START_REF] Staleva | Transient absorption studies of single silver nanocubes[END_REF], [START_REF] Ostovar | Acoustic vibrations of Al nanocrystals: size, shape, and crystallinity revealed by single-particle transient extinction spectroscopy[END_REF]- [START_REF] Crut | Acoustic vibrations of metal nanoobjects: time-domain investigations[END_REF]. Guillet et al.

detected ultrasonic waves emitted by a single submicronic Au particle in the surrounding silica matrix using picosecond ultrasonics technique [START_REF] Guillet | Optoacoustic response of a single submicronic gold particle revealed by the picosecond ultrasonics technique[END_REF]. Single cylindrical shaped Au NPs on a silicon wafer were demonstrated to exhibit excellent potential for transduction of bulk transverse waves [START_REF] Amziane | Ultrafast acoustic resonance spectroscopy of gold nanostructures: towards a generation of tunable transverse waves[END_REF]. Yu et al. demonstrated that laser excitation of a single Au micrometer-sized nanoplate efficiently generates longitudinal acoustic waves in glass substrate, which were detected by their associated Brillouin oscillations [START_REF] Yu | Brillouin oscillations from single Au nanoplate opto-acoustic transducers[END_REF]. Hypersounds emitted by a single copper nanowire in the surrounding silicon membrane were also detected [START_REF] Jean | Spatiotemporal imaging of the acoustic field emitted by a single copper nanowire[END_REF]. Another study evidenced that a single Au nanorod can act like an opto-acoustic nanosource of propagating longitudinal acoustic wave in silica substrate [START_REF] Xu | All-optical in-depth detection of the acoustic wave emitted by a single gold nanorod[END_REF]. Beside the acoustic pulse emission into the bulk matrix, hypersonic surface waves can be excited, as well as detected, using single plasmonic nanoantennas [START_REF] Berte | Acoustic far-field hypersonic surface wave detection with single plasmonic nanoantennas[END_REF].

Ensembles of metal NPs represent an intermediate case between those discussed above (continuous film and single NP). In earlier studies, near-coalescence metallic nanoislands were demonstrated as excellent candidates for fabricating nanoscale electronic components [START_REF] Yajadda | Gold nanoresistors with nearconstant resistivity in the cryogenic-to-room temperature range[END_REF]- [START_REF] Lee | Unconventional but tunable phase transition above the percolation threshold by two-layer conduction in electroless-deposited Au nanofeatures on silicon substrate[END_REF], surface enhanced Raman scattering [START_REF] Šubr | Large-scale Ag nanoislands stabilized by a magnetron-sputtered polytetrafluoroethylene film as substrates for highly sensitive and reproducible surface-enhanced Raman scattering (SERS)[END_REF] and pioneering sensing approaches [START_REF] Chung | Nanoislands as plasmonic materials[END_REF]. Additionally, there have been numerous investigations on excitation of acoustic vibration modes on NP ensembles. These studies, mostly performed on NPs embedded in a solid matrix or in solution, have in particular addressed in detail the size, shape and environment dependence of vibrational frequencies [START_REF] Petrova | Time-resolved spectroscopy of silver nanocubes: observation and assignment of coherently excited vibrational modes[END_REF], [START_REF] Huang | Coherent vibrational oscillation in gold prismatic monolayer periodic nanoparticle arrays[END_REF]- [START_REF] Qian | Femtosecond studies of coherent acoustic phonons in gold nanoparticles embedded in TiO2 thin films[END_REF].

In this chapter, the excitation and propagation of coherent acoustic pulses emitted by a layer of Ag NPs with broad size dispersion are investigated. Following the description of the theoretical grounds of acoustic pulse excitation and detection, samples with different morphological properties (various interparticle distances and NP shapes) are characterized. The features of the acoustic waves emitted by the samples with various NP morphologies are investigated using a simplified theoretical model, allowing to better understand at which condition they are similar to those of the waves emitted by the traditional continuous thin films.

Principles of coherent acoustic pulse excitation and detection

Opto-acoustic conversion

When intense ultrashort laser pulse is absorbed by a thin metallic layer, the photon energy is converted into high-energy electron distribution, whose energy relaxes back to equilibrium with the surrounding resulting in a rapid increase in the temperature of the metallic layer, and thereby a compressive stress is generated.

The laser-induced temperature depth-profile Δ𝑇(𝑧) in the metal film can be approximated as [START_REF] Klieber | Ultrafast photo-acoustic spectroscopy of super-cooled liquids[END_REF] Δ𝑇(𝑧) = (1 -𝑅) 𝑄 𝜌𝐴𝜁𝑐 𝑉 𝑒 -𝑧/𝜁 , (

where 𝑅 is the reflection of the pump beam on the air/metal interface, 𝐴 is the irradiated area, 𝜁 is the skin depth, 𝑄 is the pulse energy, 𝜌 is the material density and 𝑐 𝑉 is the specific heat at constant volume. The small absorption length in the metal being much smaller than the typical focal spot sizes of focused Gaussian laser beams (~μm range) justifies the consideration of generation of solely longitudinal acoustic phonons by the pump laser. Additionally, the film is assumed to be elastically isotropic. The temperature distribution according to Eq. (5.1) results in an isotropic thermal stress σ(z) given as

σ(z) = -3𝐾𝛼Δ𝑇, (5.2) 
where K is the bulk modulus and α is the linear expansion coefficient. The developed strain can be represented by the strain tensor, whose elements equal zero except 𝜂 33 due to the sole presence of longitudinal strain. The solution of the equations of elasticity provides the analytical expression for 𝜂 33 (𝑧, 𝑡) [START_REF] Klieber | Ultrafast photo-acoustic spectroscopy of super-cooled liquids[END_REF]. Strain wave is launched in both the positive and negative z directions in the film [START_REF] Ayrinhac | Subterahertz hypersound attenuation in silica glass studied via picosecond acoustics[END_REF], bounce back and forth, and get partially transmitted into the substrate each time it hits the metal/substrate interface. Each back-reflection from the metal/substrate interface reduces the amplitude of the strain wave by a reflection factor

𝑟 𝑎𝑐 = 𝑍 𝑆 -𝑍 𝑓 𝑍 𝑆 + 𝑍 𝑓 , (5.3) 
where 𝑍 𝑆 and 𝑍 𝑓 are the acoustic impedances of the substrate and the metallic film, respectively [START_REF] Lin | Phonon attenuation and velocity measurements in transparent materials by picosecond acoustic interferometry[END_REF]. The acoustic impedances can be calculated as the product of the density and the sound velocity in the media. The strain wave is totally back-reflected with change of sign when reaching the air/metal interface to become a tensile (positive) stress wave, resulting in a strictly antisymmetric spatio-temporal profile [START_REF] Ayrinhac | Subterahertz hypersound attenuation in silica glass studied via picosecond acoustics[END_REF]. The strain wave in the substrate has a spatial extent of

𝑑 ′ = 𝑑 𝑓 • ( 𝑣 𝑠 𝑣 𝑓 ), (5.4) 
after crossing the metal/substrate interface, where 𝑑 𝑓 is the thickness of the metallic film, 𝑣 𝑠 and 𝑣 𝑓 are the sound velocities in the substrate and the film, respectively.
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The typical shape of the strain pulse penetrating the substrate as a function of the distance from the metal layer/substrate interface is illustrated in Figure 5.1. The initial amplitude 𝜂 0 of the zig-zag function can be expressed as [START_REF] Lin | Phonon attenuation and velocity measurements in transparent materials by picosecond acoustic interferometry[END_REF] 𝜂

0 = 1 + 𝜈 1 -𝜈 𝛽𝛥𝑇 2𝑍 𝑓 𝑍 𝑆 + 𝑍 𝑓 𝑣 𝑓 𝑣 𝑠 , (5.5) 
where 𝜈 is the Poisson's ratio of the film, 𝛽 is the linear thermal coefficient. The sign of the initial amplitude indicates the fact that the strain wave begins with a compression in the substrate, the strain component has a negative value. The strain pulse has a typical pulse duration of a few ps, consequently its Fourier frequency spectrum is broad spanning in the range of a few tens of GHz up to hundreds of GHz [START_REF] Pontecorvo | Visualizing coherent phonon propagation in the 100 GHz range: a broadband picosecond acoustics approach[END_REF]. The spectral content is strongly dependent on the thickness of the metallic thin film and on the properties of the interfaces within the material [START_REF] Ayrinhac | Subterahertz hypersound attenuation in silica glass studied via picosecond acoustics[END_REF].

Principles of detecting the acoustic pulse propagation

Picosecond acoustic technique is a common approach to access the spectral properties of the generated strain pulse. The principle of the experimental arrangement is shown in Figure 5.2.

The general idea is that time-delayed optical pulse probes the temporal evolution of the strain wave-packet. The signal measured in the typical picosecond acoustic experiments arises from an interference phenomenon. where 𝑛 is the refractive index of the medium, 𝜆 is the probe wavelength in vacuum, 𝑣 is the phase velocity of strain wave, and 𝑇 is the time of wave propagation between 𝑍 and 𝑍 + 𝛥𝑍.

From Eq. (5.6), one can express 𝑇 as 𝑇 = 𝜆 2𝑛𝑣 .

(5.7)

𝑇 corresponds to the period of the oscillating signal in the time-resolved experiments (Figure 5.2). In the case of an angle of incidence 𝛩 different from 0°, the denominator contains a multiplicative factor cos 𝛩. If one measures the period of the sinusoidal oscillation at a given probe wavelength, knowing the refractive index of the medium, one can determine the sound velocity.

If the sound velocity has a gradient in the function of the propagation distance in the medium, it results in a sinusoidal signal with varying frequency.

The interaction between the probe photon and the acoustic wave composed of acoustic phonons, known as Brillouin scattering, is governed by the law of the momentum conservation [START_REF] Gusev | Detection of nonlinear picosecond acoustic pulses by time-resolved Brillouin scattering[END_REF].

One monitors the time evolution of the spatial Fourier component with wave number 𝑞 ⃗ = ±𝛥𝑘 ⃗⃗⃗⃗⃗⃗ in an optically excited acoustic wave-packet, where = ±𝛥𝑘 ⃗⃗⃗⃗⃗⃗ is the modification of the photon wave vector after scattering from the strain. There are two kinds of the scattering interaction referred to as Stokes and Anti-Stokes component. In the configuration shown in Figure 5.2, i.e., strain pulse moving away from the light beam, Stokes component has to be considered. One can express the phase-matching condition in the case of the Stokes component as

𝑘 ⃗⃗ 𝑏𝑠 = 𝑘 ⃗⃗ 0 -𝑞 ⃗, (5.8) 
where 𝑘 ⃗⃗ 𝑏𝑠 is the wave vector of the back-scattered photon, 𝑘 ⃗⃗ 0 is the wave vector of the initial photon, and 𝑞 ⃗ is the phase-matched acoustic wave vector [START_REF] Bai | Stimulated Brillouin scattering materials, experimental design and applications: a review[END_REF]. The corresponding angular frequency relationship in the interaction is expressed as

𝜔 𝑏𝑠 = 𝜔 0 -𝜔 𝑝ℎ𝑜𝑛𝑜𝑛 , (5.9) 
where 𝜔 𝑏𝑠 is the angular frequency of the back-scattered photon, 𝜔 0 the initial photon angular frequency, 𝜔 𝑝ℎ𝑜𝑛𝑜𝑛 is the angular frequency of the acoustic phonon involved in the scattering process. The frequency of the back-scattered photon is downshifted by the frequency of the phase-matched Fourier component, which is referred to as Brillouin-shift in the literature. This frequency shift is typically negligible considering the spectral width of the probe pulse [START_REF] Ayrinhac | Subterahertz hypersound attenuation in silica glass studied via picosecond acoustics[END_REF].

The same relationships in the case of the Anti-Stokes scattering components are expressed as 𝑘 ⃗⃗ 𝑏𝑠 = 𝑘 ⃗⃗ 0 + 𝑞 ⃗, (5.10) and The setup is the same as described in chapter 3, without the use of the supercontinuum source (Figure 3.2). As a result of the laser inscription, rather spherical NPs distribution with considerably smaller filling factor is achieved. As revealed by the cross-section HAADF-STEM image of this sample, the multilayer system collapses into a single layer of TiO2 with NPs embedded due to the high laser-induced temperature rise in the material. The mechanisms are described in details in the discussion section of chapter 3. In each cross-section image, Ag content is observable in the TiO2 layers, which results from the STEM lamella preparation. Pump wavelengths are chosen to directly excite the LSPR of the different samples, i.e., 1100 nm, 1000 nm and 700 nm respectively for the three initial samples with decreasing Ag thicknesses, and 540 nm for an additional laser-processed sample. GHz.

The comparison of the STEM images at different nominal thicknesses reveals two main structural characteristics. Firstly, the correlation between the Ag thickness and the average neighboring distance between the adjacent NPs, i.e., smaller Ag thickness results in higher NP separation. This results in smaller LSPR coupling, reflected as a blue-shifting resonance in the steady-state spectra (Figure 5.3). Secondly, the morphology and connectivity of the film NPs, i.e., the thickest sample contains highly connected complex structures, which transform into more simple distributions of clearly separated rod-like (Ag: 5 nm) and rather spherical particles (Ag: 1.5 nm and laser-processed sample). In the latter two cases, NP diameters vary on a scale from a few nm until few tens of nm (typically 30 nm -40 nm), and the average interparticle distance is estimated in the range of 10 nm and less in all samples (ImageJ software was used for evaluation). The Ag: 10 nm sample is the one with the morphology closest to the one used in traditional time-domain Brillouin scattering experiments, where continuous metallic layers with typical thicknesses around 10 nm are used as transducers.

The 2D carpets of the transient absorption spectra reveal the presence of an oscillatory signal for all samples (Figure 5.4A), which is ascribed to Brillouin oscillations induced by the propagation of an acoustic pulse in the underlying glass substrate. The amplitudes of these oscillations exhibit strong probe wavelength-dependence. Beside the observed large amplitudes, Brillouin oscillations are not detected in the spectral region 540 nm -590 nm due to low probe intensity, and the amplitude is strongly disturbed by noise in the region 450 nm -490 nm. It is important to notice that the 2D carpet of the laser-processed sample also contains an oscillatory signal component in the reduced wavelength range of 380 nm -400 nm. However, its amplitude is considerably smaller than that of the three intact samples. Figure 5.4B shows the example time trace of 388 nm for the four samples (the green curve is shifted vertically for clarity). The limited efficiency for the coherent pulse excitation in the case of the laser-processed sample is attributed to the low NP filling factor, and it will be investigated in the numerical investigation section of this chapter. The amplitude of the oscillations exhibits a non-monotonic decrease tendency towards longer probe wavelength, as shown in Figure 5.5 for the three intact samples. The amplitude values contain the average of the first three cycles in the vibration for each wavelength. The decreasing tendency in the oscillation amplitude is not related to the excitation of the acoustic pulse since the power of the pump laser is identical for all the probe wavelengths, nor to the spectral intensity profile of the probe laser. One should note that the probe photon energy for a shorter wavelength is higher and closer to the energy band gap of the N-BK7 glass substrate. For Schott BK7 borosilicate glass, the energy band gap was calculated from the transmission spectrum of the glass to be 4.28 eV [START_REF] Mott | Electronic processes in non-crystalline materials[END_REF]. The 380 nm probe should be more sensitive to the band gap energy modulation induced by the traveling acoustic pulse, but less for higher probe wavelengths with lower energies. In other words, the photoelastic coupling for the N-BK7 glass is stronger for a blue probe wavelength than for a longer wavelength [START_REF] Wang | Long-lived coherent traveling acoustic pulses induced by femtosecond laser pulses[END_REF].

Ishioka et al. studied the probe wavelength-dependence of Brillouin oscillations in GaP and Si [START_REF] Ishioka | Intrinsic coherent acoustic phonons in the indirect band gap semiconductors Si and GaP[END_REF]. They measured that the differential reflectivity amplitude of the oscillations increased significantly for GaP towards shorter probe wavelength, but moderately for Si. Baydin et al.

measured drastic increase of the amplitude of Brillouin oscillations toward higher probe energies, maximized near the direct optical transitions of GaP [START_REF] Baydin | Energydependent amplitude of Brillouin oscillations in GaP[END_REF]. Above the direct band gap, a nontrivial wavelength-dependence was measured. The authors developed a theoretical model to quantitatively explain the oscillation amplitude-photon energy dependence. Assuming weak strain amplitudes, i.e., strains < 10 -4 , a simple expression was derived stating that the differential reflectivity amplitude of the Brillouin oscillation is proportional to the photon energy derivative of the complex dielectric function 𝜀(𝐸) of the medium, where the pulse propagates [START_REF] Baydin | Energydependent amplitude of Brillouin oscillations in GaP[END_REF]:

𝐴 𝑜𝑠𝑐 ∝ | 𝜕𝜖 𝜕𝐸 | = √ ( 𝜕𝜖 𝑟 𝜕𝐸 ) 2 + ( 𝜕𝜖 𝑖 𝜕𝐸 ) 2 , (5.14) 
where 𝜖 𝑟 and 𝜖 𝑖 are the real and imaginary parts, respectively. Thereby, the dielectric function of the medium in which the acoustic pulse propagates determines the probe wavelength-dependence of the Brillouin oscillation's amplitude. Qualitatively, the non-monotonic decreasing tendency of the measured oscillation amplitude in the present case ( The data fit on a straight line in presence of exponential decay of the phase-matched phonon during the propagation. Deviation from exponential decay would indicate acoustic pulse diffraction, i.e., spreading of the pulse during propagation, or significant density of inhomogeneities inside the glass [START_REF] Lin | Phonon attenuation and velocity measurements in transparent materials by picosecond acoustic interferometry[END_REF]. Each oscillation corresponds to an acoustic pulse propagation by a distance of λ0 / 2𝑛. Until the coherent signal is lost (~1000 ps), the strain pulse propagates a distance of about ~6 μm away from the NP layer in the bulk glass.

From the fit of the experimental data to the straight line, one can conclude that the amplitude 𝐴(𝑑) decays exponentially with increasing propagation distance 𝑑: 𝐴(𝑑) ∝ 𝑒 -𝛼𝑑 , where α is the attenuation coefficient determined from the linear fit. In the followings, the acoustic frequency-dependent attenuation is investigated in details.

Acoustic frequency-dependent attenuation in disordered materials

The α attenuation coefficient is determined for each probe wavelength in the range 375 nm -460 nm for the three intact samples, covering the acoustic frequency range 39.6 GHz -48.1

GHz that is obtained as the inverse of the oscillation periods. The acoustic linewidth parameters that would have been measured in a scattering experiment [START_REF] Baldi | Dynamic-tostatic crossover in the acoustic attenuation of v-GeO2[END_REF]- [START_REF] Masciovecchio | Evidence for a crossover in the frequency dependence of the acoustic attenuation in vitreous silica[END_REF] are calculated as 𝛤/2𝜋 = 𝛼𝑣/𝜋, where 𝑣 is the previously obtained sound velocity in N-BK7. The obtained linewidth values are reported in Figure 5.8. For comparison, data measured in pure SiO2 from visible Brillouin light scattering (vis-BLS) technique at three scattering angles [START_REF] Vacher | Finite size effects in Brillouin scattering from silica glass[END_REF], and from UV-BLS technique measured at two angles [START_REF] Benassi | Sound attenuation in a unexplored frequency region: Brillouin ultraviolet light scattering measurements in v-SiO2[END_REF] or at two wavelengths [START_REF] Masciovecchio | Inelastic ultraviolet scattering from high frequency acoustic modes in glasses[END_REF] are also plotted.

The acoustic frequency dependence of the sound attenuation in disordered materials originates from an interplay of several physical mechanisms from the ultrasonic to the THz frequency regions at different temperatures. The room temperature sound damping is ruled by two main mechanisms in the acoustic frequency region of few tens of GHz until a few hundreds of GHz;

i.e., internal friction due to anharmonic interactions of the acoustic waves with the thermal phonon bath, and the thermally activated relaxation (TAR) of structural inhomogeneities [START_REF] Ayrinhac | Subterahertz hypersound attenuation in silica glass studied via picosecond acoustics[END_REF], [START_REF] Devos | Hypersound damping in vitreous silica measured by picosecond acoustics[END_REF]. At 35 GHz and room temperature, the sound damping due to anharmonicity contributes nearly twice compared to thermally activated relaxation [START_REF] Vacher | Anharmonic versus relaxational sound damping in glasses. II. Vitreous silica[END_REF]. This results in a nontrivial frequency dependent attenuation, however, the tendency could be approached by a quadratic scaling in agreement with the Akhiezer mechanism [START_REF] Pontecorvo | Visualizing coherent phonon propagation in the 100 GHz range: a broadband picosecond acoustics approach[END_REF], [START_REF] Ferrante | Acoustic dynamics of network-forming glasses at mesoscopic wavelengths[END_REF]. This was supported by experimental characterizations using ultrasonics and Brillouin light scattering [START_REF] Vacher | Finite size effects in Brillouin scattering from silica glass[END_REF]- [START_REF] Masciovecchio | Inelastic ultraviolet scattering from high frequency acoustic modes in glasses[END_REF]. Theoretical models have been developed and proposed to describe the relaxation processes of sound (5.15)

The wave created at a (𝑥, 𝑧) point located at a distance 𝑧 from the 1D emitter chain results from the interferences between the circular waves generated in the 𝑧 > 0 half-plane by all the emitters. Its complex amplitude 𝐴(𝑥, 𝑧, 𝑡) thus writes, introducing 𝑎 ′ = 𝑎 -𝑥: 𝐴 (𝑥, 𝑧, 𝑡) = ∫ 𝑓(𝑎 ′ + 𝑥) ℎ ( 𝑡 -√𝑎′ 2 + 𝑧 2 𝑐 𝐿 )

(𝑎′ 2 + 𝑧 2 ) 1 4 ∞ -∞ 𝑑𝑎 ′ , (5.16) 
where 𝑐 𝐿 denotes the speed of sound in the z > 0 half-plane, and √𝑎′ 2 + 𝑧 2 corresponds to the distance between the emitter located in (𝑎, 0) and the point in (𝑥, 𝑧), where the amplitude is calculated. Since ℎ(𝑡) = 0 for 𝑡 < 0 (Eq. (5.15)), 𝐴 (𝑥, 𝑧, 𝑡) = 0, when 𝑡 < (5.20)

The integral appearing in Eq. This was practically done by considering functions with independent and equiprobable random values of 0 and 2𝑓 ̅ over successive 𝑑 𝑓 intervals (𝑑 𝑓 values of 1, 10 and 100 nm being considered in Figure 5.9). The results of these simulations confirm and illustrate the conclusions of the analytical analyses presented above. Indeed, they show that the emitted waves resemble more and more those emitted by a homogeneous transducer (shown in Figure 5.9D) as 𝑑 𝑓 is decreased, and that this similarity is strong, when the criterion of Eq. (5.21) is fulfilled, which is the case when 𝑑 𝑓 = 1 nm or 10 nm (Figure 5.9B-C).

For the actual samples used in this study, 𝑑 𝑓 can be roughly estimated as the average interparticle distance in the sample, whose value is of the order of less than 10 nm for all samples. The criterion of Eq. (5.21) is thus satisfied, as 𝑑 𝑓 is more than 10 times smaller than Λ √ 2𝑧 𝑐 𝐿 𝜏 for acoustic propagation over distances of a few microns, which is consistent with the successful experimental detection of Brillouin oscillations for all samples. Eq. (5.20), which shows that the amplitude of the emitted wave scales as the average emitter density, also partly explains the strongly reduced amplitude of these Brillouin oscillations for the laser-processed sample, whose filling factor is much lower than that of the other samples. Such explanation is however only partial, as the amplitude of the measured optical signals is also expected to depend on the frequency content of the emitted acoustic wave-packets, which may be very different for the laserprocessed sample as compared to other ones. A 𝑐 𝐿 =6000 m/s sound velocity was used, and calculations were done for = 0.5 ns time.

Conclusion

In this chapter, ultrafast laser excitation of plasmonic nanoislands with broad size dispersion (diameter varying from few to few tens of nm) was shown to enable the generation of a coherent acoustic pulse propagating in its supporting N-BK7 glass substrate for all the samples tested.

The coherent pulse generation efficiency was demonstrated to dramatically reduce following reshaping of the NPs, the pulse propagation became detectable exclusively in a narrow probe spectral range, where the photoelastic coupling between the photons and the acoustic phonons is the highest. The reduced pulse emission efficiency was attributed to the considerably lower NP filling factor after laser processing. This experimental observation was found to be qualitatively consistent with a simplified model of wave emission by an ensemble of emitters with non-uniform spatial density, showing in particular at which condition the effect of a non-uniform emitter density becomes negligible.

The acoustic pulse propagation in N-BK7 glass was detected as GHz oscillations in transmission time-resolved measurements. The attenuation rates of 40-50 GHz acoustic phonons were determined, revealing their acoustic propagation over several micrometers in the glass, with attenuation rates very close to that previously measured on chemically pure silica, and thus also dominated by anharmonic interactions with the thermal phonon bath. The similarity was attributed to the high proportion of silica in N-BK7 composition.

General conclusions and perspectives

In this thesis, the laser-matter interactions in plasmonic nanocomposites consisting of Ag NP ensembles encapsulated between two TiO2 thin layers were studied by time-resolved optical techniques as well as ex situ characterizations. The relaxation mechanisms following impulsive fs laser excitation were studied on broad timescales, either in conditions of irreversible shape transformations or reversible excitation, depending on the applied laser fluence.

In the third chapter, a high-repetition-rate fs pump -ns spectrally tunable probe arrangement was used to study the pulse-to-pulse evolution of the polarized transmission spectrum of the plasmonic nanocomposite multilayer system. Combined with ex situ electron microscopy characterizations, simulations of the temperature rise and simulations of the optical properties of The broad range of characterizations provided in this thesis about the laser-matter interactions in Ag/TiO2 multilayer nanocomposites will hopefully serve for improving the applications of such materials in real-world applications. The group, where this work was conducted already provided several impressive demonstrations of printed image multiplexing using Ag/TiO2 nanocomposites [START_REF] Destouches | Laser-empowered random metasurfaces for white light printed image multiplexing[END_REF], [START_REF] Dalloz | Anti-counterfeiting white light printed image multiplexing by fast nanosecond laser processing[END_REF]. This technique enables to encode several independent images on the same laser-treated area under different illumination and observation conditions. This feature is particularly useful, e.g. in the field of secure documents. The technique strongly relies on lasergenerated nanostructures (LIPSS and self-organized NP gratings) and controlling the shape distribution of NP shapes. The presented general description of the mechanisms might contribute to the optimization of this unique optical effect. The investigation of the applicability of such multilayer nanocomposites in that technique has recently started in the group. The following optimization efforts aim at extending the range of macroscopic color gamut on large-extent laser-processed areas using ns laser processing. In parallel, fundamental investigation of the material response to ns laser excitation will be conducted in the multipulse regime, i.e., similar characterizations as in chapter 3 in the present thesis. As the thermal effects in case of ns laserirradiation are much more stronger than those of fs pulses, radically different kinetics for the spectral variation might be expected.
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 1 1 shows a schematic view of the band structure of noble metals. There are two distinct light absorption mechanisms demonstrated in this figure.
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 11 Figure 1.1 -Demonstration of the band structure of noble metals showing a low-dispersed valence band (filled 𝑑 band) and a partially filled conduction band (𝑠-𝑝 band). Photon absorption by a valence band electron can result in the transition towards conduction band (interband transition). The intraband transitions are accompanied by the assistance of another quantity indicated by dashed line (phonon, another electron or lattice defect).Figure is adapted from [21].
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 12 Figure 1.2 -Photoexcitation of a metallic NP. A: Sketch of events and approximate timescales following photon absorption. B: Evolution of the electron distribution function f(E). (a) An equilibrium function f0 before excitation, (b) athermal distribution following instantaneous excitation with pump photon energy of ℏ𝜔 𝑝 , and (c) a hot Fermi distribution, after e-e interaction. Image B is taken from [20].
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 13 Figure 1.3 -Time-resolved detection of acoustic vibrations in different NPs. (a) Ag nanospheres embedded in glass (mean diameter D = 26 nm). The bare experimental signal and its fit with sum of two exponentials and two damped sinusoids are shown in black and red, respectively. Inset: (top) experiment (black) and fit (red) oscillating parts; (bottom) the two damped sinusoids used in the fit with periods of 8.0 and 3.6 ps (blue and green). (b) Au nanorods in aqueous solution (mean length L = 34 nm and diameter D = 10 nm). The oscillating part is fitted with two damped sinusoids. The figure is taken from [11].
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 14 Figure 1.4 -Modeling NP acoustic vibrations. (a) Vibrational spectrum of Ag nanosphere. The frequency and excitation amplitude of radial modes were semi-analytically computed. (b) Displacement fields of n = 0 and n = 1 modes. (c) Vibrational spectrum of Au nanorod. Computations were performed using finite element method. (d) Displacement fields of mode (I) and the breathing mode with the largest excitation amplitude (II), in both longitudinal and transverse planes. The figure is taken from [11].
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 15 Figure 1.5 -Comparison of time-resolved traces from ensemble and a single Ag nanocube measurements. The two traces show very similar periods and phases (as shown by the vertical lines), but different damping times. The figure is taken from [39].
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 16 Figure 1.6 -Illustration of injection and tunneling of plasmon-induced hot-electrons (A), and photooxidation and subsequent dissociation phenomena (B) after laser excitation of Ag NPs embedded in TiO2 matrix. EC and EV stand for the energy levels of the conduction and valence bands of TiO2. The figure is adapted from [48].
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 43 Competition between growth and shrinkageThe works of Liu et al. investigated experimentally and numerically the main physico-chemical mechanisms that influence the size of Ag NPs embedded in TiO2 matrix loaded with Ag atoms (Ag), Ag ions (Ag + ) and Ag NPs when exposed to continuous visible laser light[START_REF] Liu | Laser induced mechanisms controlling the size distribution of metallic nanoparticles[END_REF]. In those experiments, the initial TiO2 film was amorphous and mesoporous, and the initial Ag size distribution was a Gaussian distribution (centered at 3 nm diameter). They performed a series of laser scans at different speeds, and observed ex situ the final NP size and shape distributions as a result of irreversible NP shaping. The authors developed a numerical model describing the temporal evolution of the NP size during the beam passage. This model linked the transformations among Ag, Ag + and Ag NPs in the composite system through the analysis of the involved physico-chemical mechanisms.The demonstration of the course of mechanisms can be seen in Figure1.7. One considers the oxidation reaction that decreases the Ag NPs size and increases the number of Ag + ions, a reduction reaction that converts Ag + to Ag 0 , Ostwald Ripening and inter-particle coalescence growth reactions. All these reactions are controlled by laser light and plasmon-induced temperature rise.
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 17 Figure 1.7 -Illustration of the main reactions that control the size distribution of Ag activated directly by the laser field or by the laser-induced temperature rise. The figure is taken from [55].
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 18 Figure 1.8 -Sketch of the mechanisms triggered in Ag/TiO2 nanocomposite film under high-repetitionrate fs laser excitation. Image is taken from [57].
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 19 Figure 1.9 -Characterizations of samples containing Ag nanoislands on glass substrate. A: Electron microscopy image of the initial sample. B: The sample after irradiation by single ns laser pulse using a fluence of 127 mJ/cm 2 . C: Extinction spectra of irradiated samples using various laser fluences, the numbers correspond to laser fluences in mJ/cm 2 and a-g stands for as-grown sample. The figure is adapted from [60].
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 110 Figure 1.10 -Stages of laser-assisted shape transformation of Ag nanosphere into prolate shape under multiple linearly polarized ultrashort pulse irradiation. The description of stages (a) -(h) is provided in the text. Image is taken from [2].
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 111 Figure 1.11 -Principles of guided mode excitation. a) Phase-matching condition at the origin of the positive feedback. b) Main features of the interference diagram produced when the incident beam interferes with the forward or the backward leaky mode in the layer. The orientation of fringes, not perpendicular to the interfaces, depends on the orientation of the wave vectors of the incident and guided waves, whose directions are depicted by the brown and green arrows, respectively. d) Selected mode vs. scan direction.

  intensity of the probe beam before the arrival of the first pump pulse. Pump-probe spectroscopy has experienced an intense growth in recent years, due to the technological progress in the generation of ultrashort light pulses and to the development of sophisticated spectroscopic techniques, which greatly increase the amount of information on the process under study. In the followings, the literature of pump-probe experiments investigating plasmonic systems is overviewed. The transient changes of the metal dielectric function contain the signatures of the different ultrashort phenomena discussed in the previous chapter. The literature investigating the dynamics of different plasmonic nano-objects focusing on the temporal evolution of the transient LSPR bands is rather rich. In the early work of Del Fatti and Vallée, the physical origin and the dynamics of the ultrafast optical nonlinear response of plasmonic spherical NPs were analyzed around the LSPR central frequency [91]. The authors discussed that the pump-laser induced change in the electron distribution leads to modification of both the interband absorption spectrum and the electron optical scattering rate. As a result, the interband and intraband parts of the metal dielectric function are modified, and these effects are reflected in the transient optical measurements. In case of Ag nanospheres, a derivative type of shape for the transient spectrum was observed following photoexcitation of nanospheres with mean radii ranging from 2 to 15 nm. A demonstration can be seen in Figure 2.1 showing the spectral shape of the normalized transient transmission ΔT/T spectrum measured around the LSPR of single Ag NP with radius of 13 nm embedded in glass for a fixed pump-probe delay of 1 ps. The excitation is performed by an infrared pump pulse with 25 fs pulse duration. The transient spectrum exhibits two distinct features in the spectral region around the ground state LSPR. A negative signal (induced absorption) is apparent on the long wavelength side of the steady-state LSPR peak, whereas positive feature (transient transparency) arises on the short wavelength side of the resonance. In case of Ag NPs, such transient spectrum can be described by a combined effect of a LSPR frequency shift ΔΩ 𝐹 and broadening ΔΓ [92]. They are directly related to the alteration of the real and imaginary parts of the metal dielectric function due to the energy deposition into the electron plasma. In the work of Bigot et al., the transient LSPR in Cu spherical NPs was demonstrated to have similar spectral features [93].
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 21 Figure 2.1 -Investigation of the characteristics of Ag nanospheres. a: Measured (squares) and computed (solid line) steady-state absorption spectrum of R = 13 nm Ag nanospheres embedded in glass. B: Measured transient spectrum of the transmission change around the LSPR for a fixed pump-probe delay of 𝑡 𝐷 = 1 ps (squares) following photoexcitation by a 25 fs near-infrared pump pulse. The dashed line is the calculated ΔT/T considering only the interband contribution and assuming an electronic temperature rise Δ𝑇 𝑒 of 150 K, the dotted line is the intraband contribution. The solid line is their sum. Image is taken from [91].
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 22 Figure 2.2 -Pump-probe spectroscopy performed on ensembles of colloidal Au nanorods with diameters of 12 ± 1 nm and length of 30 ± 4 nm excited by 130 fs and 550 nm pump wavelength. a) Time and spectral evolution of absorbance variation Δ𝐴. The red arrows indicate the center of the transverse and longitudinal LSPR of the nanorods. b) Extracted transient absorbance spectra at different delay times.

Figure

  Figure is adapted from [94].

  with a typical plasmon bleaching pattern (positive and negative spectral features) in the transient optical response following photoexcitation by 50 fs and 380 nm pulses. A typical transient spectral profile of the absorbance change Δ𝐴 with respect to the steady-state spectrum is demonstrated in Figure 2.3. Sets of transient induced extinction (positive features) and transparency (negative features) signals are demonstrated as a result of the transient modification of the dielectric function of the sample following the pump pulse absorption. Each transient feature is in direct relation to one of the ground state plasmon bands.
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 23 Figure 2.3 -Steady-state and transient spectra of colloidal core-shell Au-Ag nanocuboid. The steadystate extinction spectrum (upper image) contains several resonance bands that are transiently altered after photoexcitation by 50 fs and 380 nm pulse. The color map of the time and spectral dependence of the absorbance variation Δ𝐴 measured by pump-probe spectroscopy (middle image) exhibit several typical plasmon bleaching signals corresponding to the steady-state plasmon resonances. Extracted spectra at different time delays are shown in the lower image. The vertical dashed lines indicate the spectral position of the plasmon resonance modes. Image is adapted from [97].
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 24 when the sample was excited by 400 nm and 190 fs pulses. It can be seen on the transient data that one prominent bleaching signal appeared around 500 nm, corresponding to the absorption peak around 500 nm in the steady-state sample. Additionally, a transient induced absorption signal was observed at roughly 560 nm.An additional bleaching signal is apparent above 700 nm that corresponds to the short wavelength side of the second ground state absorption peak centered at 800 nm. All the peculiar features of the transient absorption spectrum could be fairly described by the additive contributions of the individual transient plasmon bands.
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 24 Figure 2.4 -Spectral characteristics of Au-Ag nanoshuttles. a) Steady-state absorption spectra and b) time-resolved transient absorption data upon 400 nm and 190 fs pulse excitation. Figure is adapted from [99].

Figure 2 .

 2 5 shows results from an example pump-probe microscopy experiment and ensemble transient absorption experiments performed on different collections of Si nanowires [19].

Figure 2 . 5 -

 25 Figure 2.5 -Ultrafast dynamics of electron-hole recombination in Si nanowires. Left image: Pumpprobe time traces, the green traces were obtained from 41 randomly selected individual points using pump-probe microscopy. Orange curve shows an average of decay kinetics measured by ensemble transient absorption spectroscopy with a broadband continuum probe. Right: Illustration of the nanowire film and electron microscopy images recorded in the center and on the edge of the sample. Image is taken from [19].

  with spatially-overlapped pump and probe beams (both beams are raster scanned), or with keeping the pump beam fixed, and the probe is then spatially scanned. Results reveal the spatial position-dependent ultrafast material response of individual nano-objects. An example experiment investigated the electron-hole recombination dynamics within individual needle shaped ZnO nanorods at different spatial locations using raster scanning with spatially overlapped pump and probe beams[START_REF] Mehl | The end is different than the middle: spatially dependent dynamics in ZnO rods observed by femtosecond pump-probe microscopy[END_REF]. The high spatial resolution enabled to characterize specific regions of the nanostructures. The photoexcitation promotes electrons from the valence band to the conduction band, resulting in high-density of free charge carriers. As shown in Figure2.6, the dynamics at the end of the rod differs dramatically from the spatial locations inside the rod, with the ends showing faster recombination rates than any other point in the structure. The probe wavelength was 810 nm. The spatial variation is further demonstrated in images obtained by fixing the pump-probe delay and monitoring the transient signal as a function of position.
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 26 Figure 2.6 -Transient absorption microscopy of ZnO nanorods. (A) Time traces obtained with spatiallyoverlapped pump and probe beams at the end of the rod (blue curve) and interior points (red and green curves). (B) Electron microscopy images of two investigated nanorods with the locations of the delay scan marked by circles with the corresponding colors. (C) Transient absorption images showing the spatial decay of the photo-induced signal. Rapid decay was observed at the tip of the rod, while slower decay was apparent in the interior sections. The lateral resolution of the experiments was 350 nm. Image is taken from [105].

  the case of QLSI, four replicas are created by a specific 2D diffraction grating. After propagation, two gradients along two perpendicular directions are measured, and then integrated to determine the spatial profile of the field intensity and phase. The interferogram deformation can be interpreted using either wave or geometrical optics. The principle of the interferogram formation is demonstrated in Figure 2.7.

Figure 2 . 7 -

 27 Figure 2.7 -Schematic of the principle of the QLSI technique. A diffraction grating forms four replicas of the incident wave, and the subsequent interferogram is recorded using a camera sensor. The spatial distribution of the phase and amplitude are then calculated from the four-waves interferogram. Image is taken from [112].
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 28 Figure 2.8 -Scheme of diffraction gratings associated with QLSI technique. (a) Ideal transmission for a four-wave-only 2D diffraction grating. (b) Transmission of MHM grating, which is an approximation of (a). (c) Intensity distribution of (a). (d) 1D interferogram formation by a MHM when a disturbed input wavefront is incident on the grating. (e) 2D interferogram formation by a MHM in the case of a plane input wavefront; visualization of the four diffracted waves (arrows). Image is taken from [111].
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 29 Figure 2.9 -Intensity and OPD images (right column) obtained from a raw interferogram image (left) obtained by QLSI technique using commercial SID4-Element wavefront sensor from Phasics. The images show the sample investigated in this thesis (described in chapter 3 section 3.2.1) observed in transmission configuration, excited by single ~200 fs pulse at 515 nm. The illumination wavelength was 450 nm. The details of the experimental setup are provided in chapter 4 section 4.2.2.

  bles encapsulated between two TiO2 thin films when the material is submitted to high-repetition rate, visible fs laser irradiation. The variety of laser-induced nanostructures in different ranges of cumulative pulse numbers sheds light on the interplay between different laser-induced physico-chemical mechanisms. A chronology of the mechanisms is proposed by completing the experimental characterizations by numerical modeling of the spatial distribution of the laser-induced temperature rise in the multilayer stack on multiple timescales, and by theoretical investigation of the self-organization phenomena.

3. 2

 2 Experimental methods3.2.1 Preparation of Ag/TiO2 multilayer nanocomposite by physical vapor depositionThree-layer structures composed of a 15 nm-thick layer of non-spherical near-coalescence Ag nanoislands sandwiched between two 30 nm-thick TiO2 layers are prepared via physical vapor deposition using a Bühler SYRUSpro 710 machine. Ag layers are obtained from Ag granules and TiO2 layers from pure TiO2 material. A focused electron beam is used to heat-up the material with a typical current of a few tens of mA for both materials. A specific e-beam pattern is developed in order to ensure uniform evaporation of the material. Samples are placed onto a rotating calotte, situated at a distance of about 600 mm from the crucible, to achieve layers with good uniformity over the an area of ~15 cm 2 on a microscope slide substrate. Depositions are carried out at room temperature at an initial pressure of about 10 -6 mbar. Ag is deposited at a low rate of 0.1 nm/sec and TiO2 at an even lower rate of ~0.01-0.02 nm/sec. Layer thicknesses and deposition rates were controlled with a quartz crystal microbalance. The samples are prepared by the team RCMO from Fresnel Institute in Marseille.

  The unpolarized transmission spectrum and the scanning electron microscope (SEM) image of the initial sample are shown in Figure3.1. The spectrum is measured using a commercial spectrophotometer (Cary 5000 from Agilent) with 2 nm spectral resolution in the visible and nearinfrared region, and FEI Nova nanoSEM 200 scanning electron microscope with a helix detector is used in low vacuum mode to observe the morphology of the sample.
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 31 Figure 3.1 -Ex situ characterizations of the initial sample. A: Unpolarized transmission spectrum of the initial film in the visible and near-infrared region. There is no polarization anisotropy present before laser inscription. B: SEM image of the initial film showing the morphology of the tightly-packed, nonspherical Ag nanoislands.
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 32 Figure 3.2 -The experimental setup for the in situ spectral measurement. (a) Sketch of the high-repetition-rate fs pumpsupercontinuum (SC) probe imaging arrangement. The fs laser-triggered mechanisms are probed in transmission by the SC source, whose output is filtered to a narrow spectral band and tuned over the visible spectral range, imaging the sample surface onto an ultrahigh-speed camera.
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 33 Figure 3.3 -Normalized autocorrelation function of the laser output after the second harmonic generation, and the Gaussian fit. From the Gaussian fit, the measured pulse width is obtained as 196 fs (FWHM).
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 34 Figure 3.4 -Beam size measurement based on Liu's method. The slopes of the linear regressions for the horizontal and vertical radii of the laser markings at various pulse energies provide the 1/e spot radii.

  photodiode from Thorlabs. This value corresponds to the temporal resolution in our experiments.

5 .

 5 The reference image is the video frame taken before the arrival of the first fs pulse, and used to divide every subsequent video frame. The red dashed and solid rectangles indicate the regions used for filtering the image intensity fluctuation and for determining the value of the transmission coefficient at the focal spot center, respectively.
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 35 Figure 3.5 -Demonstration of the image normalization using the example illumination wavelength of 640 nm. The reference image is captured before the arrival of the 1 st fs pulse, and used to divide every video frame containing the laser excited area after each fs pulse. The solid rectangle shows the area of interest to obtain the transmission coefficient value, and the dashed rectangle indicates the region used to normalize the probe laser energy fluctuations. The scale bar in the normalized image is 30 µm.
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 36 Figure 3.6 -Comparison of the result of our temperature model to the thermal calculation in reference [151]. A: Temperature along the direction of depth of the film induced by 1 ms long-pulse and 10 ns short-pulse lasers under normal incidence. The figure is reused from [151]. B: Temperature along the direction of depth of film induced by 10 ns short-pulse lasers under normal incidence calculated by our model. In both calculations, the temperature is calculated at the time when the laser intensity is maximum.
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 102 𝜇 𝑟𝑖 𝑛 𝑖 cos𝜃 𝑖 with 𝜃 𝑖 and 𝜇 𝑟𝑖 the angle of refraction in layer 𝑖 and relative magnetic permeability of layer 𝑖, respectively, and 𝛼 𝑖 = √ ( (2𝜋ν)2 with 𝜈 = 𝑛 0 sin𝜃 0 /𝜆. To in-
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 37 Figure 3.7a) Sketch and notation for the waveguide structure. 𝑛 𝑖 : refractive index of the medium 𝑖; 𝑒 𝑖 : thickness of the layer 𝑖; 𝐴 𝑖 : angle of incident; 𝑌 𝑖 : admittance at the interface 𝑖. b) Progressive (𝛽 ⃗ + ) and retrograde (𝛽 ⃗ -) wave components at an arbitrary spatial point; 𝑘 = 2𝜋𝑛/𝜆.
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 41 Laser fluence-dependent spectral kineticsThe experimental results investigating the optical response at different pump laser fluences are detailed first. In Figure3.8a, the multipulse evolution of the transmission coefficient probed at 570 nm is demonstrated at selected laser fluences. At the two highest fluences, a transmission increase is followed by a considerably slower transmission decrease, and a final increase repeats on the slowest rate. Towards lower laser fluences, an extra fast transmission decreasing period occurs before the first increase. For any case, the most important observation is that characteristic pulse number regions can be assigned (3 or 4 regions), where the kinetics of the evolution exhibits considerably different rates suggesting different mechanisms driving the NP transformations, and therefore the optical response.

Figure 3 . 8 -

 38 Figure 3.8 -Laser-fluence-dependent spectral kinetics. a) The evolution of the transmission coefficient probed at 570 nm at different laser fluences. b) The estimated number of pulses needed to reach the transmission maximum at each laser fluence.

3. 4 . 2

 42 Multipulse evolution of the optical anisotropy An intermediate laser fluence value of 31 mJ/cm 2 is selected based on the observations of the laser markings at various fluences (previous section) under optical microscope, and complete spectral measurements are conducted with the selected value. The pulse-to-pulse evolution of the polarized transmission spectrum measured with the setup described in the Experimental methods section, up to N = 50000 pulses, is shown in Figure 3.9. Columns a) and b) show the results for polarization states of the probe laser incident at 0º, respectively parallel or perpendicular to the pump laser polarization (S polarization). Row 2 displays spectra for selected pulse numbers N, extracted from the 2D plots shown in row 1.
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 39 Figure 3.9 -Pulse-to-pulse evolution of polarized transmission spectra recorded in situ at the center of the fs-laser-processed area over the first 50000 pump laser pulses. a.1) and b.1) 2D plots of the transmission spectra versus the fs laser pulse number N for a probe polarization parallel or perpendicular, respectively, to the pump laser polarization. A logarithmic scale is used for the pulse number. a.2) and b.2) Extracted spectra from a.1) and b.1) at characteristic pulse numbers N.

Figure 3 .

 3 10b highlights the decreasing effect of each fs pulse on the transmission coefficient after hundreds of pulses at 75 kHz repetition rate. During the very first fs pulses, each laser pulse decreases the transmission coefficient by about 1 %, while after 920 pulses, the effect of each single pulse falls in the sensitivity level of the camera and 10 successive pulses decrease the transmission coefficient by less than 0.1 % typically. When looking at the evolution of the transmission coefficient over a probe pulse train between two consecutive fs pulses, only the first probe pulse arriving 15 ns after a given pump pulse shows a significant change (Figure 3.10/b.1). The subsequent 7 probe pulses before the next pump pulse arrives do not show any detectable transmission change, indicating that the sample does not evolve between two probe pulses (temporal separation = 1.67 s) without further pumping.

Figure 3 . 10 -

 310 Figure 3.10 -The effect of the repetition rate. a) Transmission coefficient probed at 530 nm wavelength after each fs pulse (N = [1, 1000] for different pump laser repetition rates (see legend) and constant fluence of 31 mJ/cm 2 . The dashed line at N = 130 indicates the change in kinetics, from which the sample evolution strongly depends on the repetition rate. The plots displayed in b.1) and b.2) show the variation rate of the transmission coefficient for f = 75 kHz, over the first and the last 10 pump pulses of the series. The transmission values corresponding to the eight intermediate probe pulses between consecutive fs pulses are also plotted (600 kHz camera frame rate was used). The filled circles indicate the values corresponding to the first probe pulse after each fs pulse (with 15 ns temporal delay).

Figure 3 . 11 -

 311 Figure 3.11 -Repetition rate-dependence of the pulse-to-pulse evolution of the unpolarized transmission spectra recorded in situ at the center of the fs-laser-processed area over the first 800 pump laser pulses. The laser fluence is 52 mJ/cm 2 . a.1) and b.1) 2D plots of the transmission spectra versus the fs laser pulse number N for the laser repetition rates of 75 kHz and 5 kHz, respectively. a.2) and b.2) Extracted spectra from a.1) and b.1) at characteristic pulse numbers N. The solid and dotted lines indicate respectively the spectrum flattening and subsequent decreasing spectral tendencies in both images.

Figure 3 . 12 -

 312 Figure 3.12 -Variations of the unpolarized transmission coefficient at λ = 530 nm after different numbers of pump pulses, N, probed at different delays with respect to the pump pulse and covering a delay range from 15 ns to 12.7 µs. The time between consecutive pump pulses is 13.3 μs.
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 45 Ex situ electron microscopy of structural changes Laser-induced changes have been investigated by SEM and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM). HAADF-STEM characterizations are performed with a Jeol Neo ARM 200F operated at 200 kV on cross-sections and top-view FIB thin lamellas made using an FEI Strata DB 235 instrument. Laser-processed regions are investigated resulting from a static laser exposure at characteristic pulse number N, as well as in line regions drawn by moving the sample at constant speed upon laser irradiation. The scanning speed V was chosen to correspond to an effective number of pulses Neff calculated as 𝑉 = 2𝑟𝑓 𝑁 𝑒𝑓𝑓 , with r and f indicating the horizontal 1/e spot radius and laser repetition rate, respectively.
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 313 Figure 3.13 -SEM characterization I. a.1) SEM image of the initial film. a.2) Binary image of a.1) after image processing to better visualize the Ag nanoislands. b.1) SEM image of the laser spot after N = 10 pulses. b.2) Binary image of b.1) after image processing. ffAg stands for Ag filling factor.

Figure 3 .

 3 Figure 3.13 shows SEM images of the film before and after irradiation with 10 pump laser pulses. As the Ag nanoislands are buried under a 30 nm thick TiO2 layer, the image contrast is

Figure 3 . 14 -

 314 Figure 3.14 -SEM characterization II. SEM images of the center of lines written with the fs laser at different scan speeds, corresponding to the indicated effective numbers of pulses Neff. For each pulse number, the left frame corresponds to 60,000x magnification and the right one to 120,000x magnification. The red and blue colors are a guide for the eyes to aid identifying the grating structures.

Figure 3 . 15 -

 315 Figure 3.15 -SEM characterization III. SEM images of laser spots marked at different pulse numbers N. In each case, the left image corresponds to 60000x magnification and the right one to 120000x magnification. The red and blue colors are a guide for the eyes to identify the gratings structure.
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 316 Figure 3.16 -STEM characterizations of the center of laser-written lines for Neff = 58, 1016, 6000, and 50000. (a) Plan-view HAADF-STEM images and (b) HAADF-STEM images of the corresponding cross-sections and EDS chemical mappings indicating Ag (green), Ti (blue), and Si (red).
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 317 Figure 3.17 -Structural investigation of the sample marked with Neff = 6,000 pulses. a) Histogram of the NP aspect ratio, defined by the ratio of the major to the minor axes of the fitted ellipses. The red vertical line indicates the mean value: 1.28. The inset shows the STEM image of the center of the laserwritten line. b) Histogram of the angle distribution, which is defined between the direction of the laser polarization (shown by the green double arrows in the inset image) and the principal axis of an elliptical NP. The average value is indicated by the red vertical line: 10.9°. The inset demonstrates the angle sign convention; left image: positive angle, right image: negative angle.
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 318 Figure 3.18 -The effect of the in situ thermal annealing in TEM to the nanoisland morphology.

  [START_REF] Grumstrup | Pump-probe microscopy: visualization and spectroscopy of ultrafast dynamics at the nanoscale[END_REF]. The number of nanoislands evolves on characteristic temperature regions, the end of each region is labeled by letters A-C.
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 319 Figure 3.19 -Investigations of the temperature-dependent NP morphology. Evolution of the number of nanoislands and Ag filling factor determined in the TEM images in Figure 3.18. Letters A-C indicate the onset of different mechanisms described in the text.

Figure 3 .

 3 Figure 3.20a illustrates the time variations of the temperature simulated at four points of the multilayer located either in the middle of the Ag layer or at the TiO2/glass interface at two locations, where the intensity in the film is assumed to be either maximum or minimum (as
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 320 Figure 3.20 -Simulation of the temperature rise at different positions and times in the multilayer system. (a) Time variations of the temperature increase simulated after the first fs laser pulse in the middle of the Ag/air layer where the modulated intensity is maximum (Tmax,c) or minimum (Tmin,c) and at the TiO2/glass interface, where the intensity is maximum, (Tmax,i) or minimum, (Tmin,i). The sketch in the inset shows the location of the four points in the multilayer system. (b) 2D colormap of the temperature in the middle of the Ag/air layer as a function of time and space along the direction of modulation of intensity. (c) Pulse-to-pulse evolution of the maximum values of Tmax,c and Tmin,c (curves TMmax,c and TMmin,c), the temperature rise in the middle of the film after 1 ns when Tmax,c already equals to Tmin,c (curve T1ns,c), and the minimum value of Tmax,c = Tmin,c just before the next pulse (curve Tminmax,c). A laser repetition rate of 75 kHz is assumed in the calculations, as used in the experiments. (d) Synthetic diagram of the main physical-chemical mechanisms driving the NP reshaping pulse after pulse.

Figure 3 .

 3 20c and d show that after few thousand pulses, TMmin,c largely exceeds 500 K, which explains why the NP shape homogenizes everywhere in the film. The high temperature and the thermal diffusion toward the substrate trigger another atomic diffusion mechanism involving the substrate. High temperatures at the substrate/film interface promotes Na + diffusion toward the film and reverse diffusion of Ag + from the top surface toward the substrate[START_REF] Kulczyk-Malecka | Investigation of silver diffusion in TiO2/Ag/TiO2 coatings[END_REF]-[START_REF] Battie | Optical properties of silver nanoparticles thermally grown in a mesostructured hybrid silica film[END_REF]. EDS chemical maps for Neff = 6000 indicate the presence of Na within the TiO2 layer, demonstrated in Figure3.21. At this stage, Ag NPs are concentrated within the TiO2 film that has merged into a single layer.

Figure 3 .

 3 Figure 3.21 -STEM cross-section image and individual EDS chemical maps of the laser line written with Neff = 6,000 pulses.

  430 * 10 -4 ) as demonstrated in Figure 3.22, a.1. The distribution of the modal intensity along the z direction (Figure 3.22, a.2) for this propagation constant confirms the presence of a fundamental mode with a maximum intensity located in the TiO2 bottom layer, few nanometers from the Ag interface.
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 322 Figure 3.22 -Quantitative investigations of the self-organized phenomena. (a.1) Inverse of the reflection factor after Neff = 58 (inset from Figure 3.16). It exhibits a minimum for a particular real part of the effective index of the structure. The parameters of the latter are defined from the HAADF-STEM characterizations. The presence of a minimum means that a mode with the corresponding effective index (highlighted by the yellow circle) can be guided in the structure. (a.2) Intensity profile of the corresponding guided mode as a function of the depth inside the multilayer stack. Blue vertical lines indicate

Few remarks can be

  added to better describe the modes supported by the structure. For matrix refractive index values varying from 2.16 to 2.30, two guided modes are supported by the structure. In our calculations and in Figure3.22b, only the fundamental mode having a single maximum in its depth intensity profile was considered. The first-order mode exhibits two maxima located near the interfaces. The variation in the real part of the fundamental and first-order guided modes effective indices with the matrix refractive index for two Ag filling factors is reported in Figure3.23.
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 323 Figure 3.23 -The variation of the real part of the fundamental (mode 1) and first order (mode 2) guided modes' effective indices with the matrix refractive index for two Ag filling factors in the sample marked by N = 50,000 pulses.

  By combining in situ and ex situ characterizations with simulations of the temperature rise and guided-mode effective indices in the multilayer, our results unveiled different mechanisms that successively drive the reshaping and self-organization of Ag NPs embedded between two TiO2 layers. The description of the mechanisms at different pulse number regimes is provided as follows.During the very first fs laser pulses, photo-oxidation and atomic desorption mechanisms shrink the NPs. Between about 10 and 1000 pulses, self-organized gratings forms, resulting from essentially two mechanisms. First, the presence of a spatially modulated intensity distribution due to the interference of the incident wave with the forward-guided mode excited by scattering on the NPs. Second, a resulting transient spatial temperature modulation in the Ag layer, whose maximum exceeds the melting temperature of Ag, while the minimum stays below, leading to local reshaping and coalescence of Ag NPs within sub-micrometric periodic fringes.

Warth

  et al. investigated the ultrafast dynamics of fs laser-induced reshaping of initially spherical Ag NPs embedded in glass matrix into uniformly oriented spheroids[START_REF] Warth | Ultrafast dynamics of femtosecond laser-induced shape transformation of silver nanoparticles embedded in glass[END_REF]. The results of that study are summarized as follows. The emission of electrons and Ag + ions from the NPs into the glass matrix, and subsequent recombination and diffusion at the NP poles were described as the driving mechanisms behind the reshaping. The temporal dynamics below one ns time delay could be described by the shot-to-shot development of the persisting spectral changes, but its time dependence between two pulses did not exhibit peculiar features. All transient evolutions in connection with the LSPR reached their maxima in a few ps, followed by the indication of electron and ion emission, and e-ph coupling until 20 ps. At longer delays, during the ph-ph interaction, a much slower decay on the timescale of several hundred picoseconds was detected, which was contributed to heat conduction and the shape transformation processes like recombination and diffusion. The transient absorption spectrum revealed the ultrafast dynamics of the transient LSPR very similar to other experiments conducted in the weak excitation regime, i.e., ultrafast red-shift and broadening of the ground state LSPR. The transient absorption spectrum exhibited plasmon bleaching and photo-induced absorption features.Another relevant experiment investigated the ultrafast time-resolved fs-laser-induced fragmentation process of Au NPs in aqueous medium[START_REF] Werner | Femtosecond laser-induced size reduction of aqueous gold nanoparticles: in situ and pump-probe spectroscopy investigations revealing Coulomb explosion[END_REF]. The illustration of the fragmentation process is shown in Figure4.1, and the description provided by authors is summarized as follows.Following e-e thermalization, Fermi distribution at an elevated electron temperature is established, accompanied by electron emission. Simultaneously, the hot electrons relax via e-ph scattering, and contribute to increasing lattice temperature. In this stage, NP reshaping occurs as a result of surface melting. A further increase in the lattice temperature to the melting point results in phase transformation from solid to liquid, reducing the surface tension (surface energy) of Au NPs. When the critical charge of a liquid Au NP exceeds the Rayleigh instability threshold (Coulomb energy > surface energy)[START_REF] Novo | Charge-induced Rayleigh instabilities in small gold rods[END_REF], the liquid droplet breaks up into many smaller nanodroplets. These fragmented nanodroplets move away from each other because of the repulsive forces providing them a certain kinetic energy. The timescale to reach the melting point is a few ps, depending on the laser fluence. The entire fragmentation process can take place in ∼100 ps, until the fragmented Au NPs remain far apart owing to the kinetic energy. In general, this model for the NP fragmentation is generally accepted, and considered to describe other systems, e.g. Au NPs encapsulated in a silica shell exhibited similar fragmentation process[START_REF] Voss | In situ observation of Coulomb fission of individual plasmonic nanoparticles[END_REF].
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 41 Figure 4.1 -Illustration of fs-laser-induced fragmentation process of aqueous Au NPs. Image is taken from [180].

Figure 4 . 2 .

 42 The setup is based on the fs laser PHAROS described in the previous chapter operating at 60 kHz. The pump beam is obtained from an OPA and a subsequent stage of harmonic generator (both from Light Conversion) capable of tuning the pump wavelength from 210 nm to 20 μm. Pump wavelength of 1000 nm and 1100 nm are chosen to directly excite the broad LSPR of the investigated samples (shown later in Figure4.6b and Figure4.9a). The time-resolved experiments are conducted in a commercial pump-probe arrangement (HARPIA from Light Conversion). The pump is chopped and focused on the sample at nearly normal incident angle. The probe is time-delayed with respect to the pump with a maximum time delay up to ~7 ns, and then frequencydoubled to produce 515 nm beam using a beta barium borate crystal. Spectrally broad white light continuum (350 nm -650 nm) is generated in a 4 mm thick sapphire crystal, subsequently the beam is focused on the sample by a parabolic mirror at normal incidence. The pump and the probe beam spot diameters are around 100 μm and 90 μm, respectively. The transmitted probe light is collected using the imaging spectrograph (Kymera 193i, OXFORD instruments)
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 42 Figure 4.2 -Sketch of the transient absorption spectroscopy setup. M: mirror, BS: beam splitter, C: chopper, L: focusing lens, PM: parabolic mirror, NF: Notch filter.

Figure 4 . 3 -

 43 Figure 4.3 -Transient absorption measurement on the N-BK7 glass substrate. a) The ultrashort raw signal around the temporal overlap of the pump and the probe pulses. The pump wavelength is 1000 nm. b) The signal after dispersion-correction.

  4. The central laser and the beam path of the pump arm are the same as the arrangement described in chapter 3 in Figure 3.2a, with an extra element of a KD*P crystal-based Pockels cell (EM510M-D-AR400-700 from Leysop) to trigger solely this arm.
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 44 Figure 4.4 -Sketch of the ultrafast pumpprobe microscopy setup. M: mirror, BS: beam splitter, NF: Notch filter, SHG: second harmonic generation, Obj: objective, QLSI: quadriwave lateral shearing interferometer.

  The temporal overlap of the pump and probe pulses is determined by characterizing the response of a glass substrate (N-BK7) without film deposited on the surface. A sequence of intensity images (normalized by the frame before the arrival of the first pump pulse) recorded at 630 nm probe wavelength around temporal overlap is demonstrated in Figure 4.5a. Pump laser fluence of 70 mJ/cm 2 was used in these experiments. The red rectangles indicate the area of averaging in the beam center in each image (area of 7-by-7 pixels). The trace of the pump beam propagation in the bulk substrate can be observed in the images (dark line area; the pump beam propagates from left to right in the images). The dynamics of the relative transmittances at 630 nm and 450 nm are shown in Figure 4.5b and Figure 4.5c, respectively. The relative transmittance at each pixel is defined by the ratio 𝐼 𝑑 /𝐼 0 , where 𝐼 𝑑 and 𝐼 0 are the pixel intensities at a fixed time delay 𝑑 and the initial film, respectively. Solely in these experiments, the averaging of 100 measurements was possible due to the reversible material relaxation (no need to move the sample). Similarly to the transient absorption spectroscopic measurements, signal is detected solely around the temporal overlap region. Similarly to the results shown in Figure 4.3,
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 45 Figure 4.5 -Ultrafast dynamics of the relative transmittance measured on the N-BK7 glass substrate. a) Sequence of intensity images recorded using 630 nm probe wavelength at different time delays around 0 ps. The red rectangles indicate the area of averaging in the beam center. b) Variation of the relative transmittance in the beam center probed at 630 nm. c) Variation of the relative transmittance in the beam center probed at 450 nm. In these experiments, the pump laser fluence is 70 mJ/cm 2 .
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 46 Figure 4.6 -Steady-state characterizations of the sample with Ag layer thickness of 5 nm. a) Plan-view electron microscopy image of the Ag nanoislands. b) The steady-state absorbance spectrum of the sample. The red region indicates the spectrum on the probe wavelength region.

  As the probe wavelength range covers the spectral region of both resonances, the transient absorption spectrum reflects the temporal dynamics of each individual contributions. This is demonstrated in Figure 4.7.
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 47 Figure 4.7 -Spectral characterizations of the sample with Ag layer thickness of 5 nm. a) The steadystate absorbance spectrum on the probe wavelength region. The blue dashed line is a guide for the eye highlighting the presence of a second, weaker resonance in the absorbance spectrum overlaid with the broad resonance centered at 1000 nm. The vertical blue line indicates the estimated center position of the weaker resonance. b) Transient absorption spectra at different time delays indicated by the colors.

Figure 4 .

 4 Figure 4.8 demonstrates ultrafast time traces at selected probe wavelength ranges, either in the vicinity of R1 or in the bleaching signal above 600 nm.
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 48 Figure 4.8 -Ultrafast time traces at different spectral regions. a) Normalized time traces in the vicinity of R1, and in the spectral region of the bleaching signal above 600 nm in b). The dashed line indicates the end of the pump-probe temporal overlap.
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 49 Figure 4.9 -Spectral characterizations of the sample with Ag layer thickness of 10 nm. a) The steadystate absorbance spectrum. The inset shows the plan-view STEM image of the sample. b) Transient absorption spectrum at 2.5 ps time delay.

Figure 4 . 7 .

 47 There are two overlaid resonances in the steady-state absorbance referred to as R0 and R1, each owing its contribution in the transient spectrum. The bleaching around 450 nm and its positive long wavelength wing are superimposed with the bleaching of R0. The induced absorption wing from transient R1 decays above 560 nm, leading to the second negative transient observed between 560 and 650 nm. Analyzing the transient absorption spectrum is shown to reveal resonance modes weakly detectable in the stationary spectra, that is R1 in the present case. The same considerations hold for the interpretation of the transient spectrum of the sample with 10 nm thick
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 410 Figure 4.10 -Ultrafast time traces of the relative transmittances recorded at 450 nm and 630 nm. A: Ultrafast dynamics of relative transmittance probed at 450 nm (blue curve) and at 630 nm (red curve). B: The same as image A showing the longer delay behaviors.

  The slowest decay observed above τ = 20 ps corresponds to the hot particle equilibrating with the environment matrix. The change of relative transmittance is considerably smaller compared to the change during the fastest relaxation processes (e-e and e-ph interactions) indicating that the main reshaping mechanisms finishes before the cooling of the NP. Until τ = 20 ps, the fast and strong changes to the transmittances are finished, compared to the slight evolution at longer time delays for both wavelengths. The signals do not recover to 1 even before the next pulse (τ = 16.7 µs) indicating the persistent change in the LSPR band due to the irreversible shape transformation already after single pulse excitation (results showing the signal recovery to 1 far from the laser spot are discussed in section 4.3.5). However, the sign of transmittance change is different, i.e., there is a persistent transmittance decrease for the red wavelength and a slight signal increase in the blue wavelength. The evolution of the LSPR band strongly depends on the wavelength of the probe beam. It will be further examined in the discussion session.4.3.4 Local laser fluence-dependent dynamicsThe use of the microscopic approach enables to investigate the temporal response of the material at different spatial positions corresponding to different local laser fluences. The radial spatial profile of the focused laser spot follows a Gaussian profile. The local laser fluence decays with distance from the peak laser fluence being 43 mJ/cm 2 in the center of the focused spot.

Figure 4 .

 4 Figure 4.11 shows the temporal dynamics of the relative transmittance at 630 nm probe wavelength at four different spatial positions represented by the colored curves.
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 411 Figure 4.11 -Demonstration of the local laser fluence-dependent dynamics. A: Ultrafast dynamics of relative transmittance at different sample positions. The probe wavelength is 630 nm. The inset shows the transmission image of the sample at τ = 0.35 ps. The colors of the curves in each image correspond to the colors of the filled rectangles in the inset image. B: Same as image A on longer time delays.
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 412 Figure 4.12 -The effect of increasing fs pulse number N on the ultrafast dynamics of the relative transmittance at 630 nm. The transmittance decreases after each fs pulse when N < 6 (image A) and increases when N > 5 (image B). In image B, different colors are used for easier distinction between each curve.The pump laser repetition rate is 60 kHz.
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 413 Figure 4.13 -The effect of increasing fs pulse number N on the ultrafast dynamics of the relative transmittance at 630 nm, same as in Figure 4.12 but plotted on long timescale. The transmittance persistently decreases after each fs pulse when N < 6 (image A), and increases when N > 5 (image B). In image B, different colors are used for easier distinction between each curve. The red, vertical line at 200 ps indicates the onset of a transient signal increase, suggesting the activation of a slower NP reshaping process.

Figure 4 . 14 .

 414 Figure 4.14. In contrast to the beam center (Figure 4.13), persistent transmittance decrease is detected even after N = 5, however the dynamics of the e-e coupling exhibits the same positive signal. Another important difference is that the long timescale dynamics does not evidence the onset of the transmittance increase at 200 ps as discussed and demonstrated in Figure 4.13. It suggests the existence of fluence threshold for triggering that slower NP reshaping process.
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 414 Figure 4.14 -The effect of increasing fs pulse number N > 5 on the ultrafast dynamics of the relative transmittance at 630 nm away from the beam center. A: The dynamics on ultrashort time delays. The inset shows the transmission image of the sample at 0.35 ps after the first pulse. The red rectangle shows the position of the analysis. B: Long time delay plot of the curves in image A. The vertical dashed, red line indicates the delay at which the slow reshaping process started at higher laser fluence (Figure 4.13).
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 415 Figure 4.15 -The effect of increasing fs pulse number N on the ultrafast dynamics of the relative transmittance probed at 450 nm.
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 416 Figure 4.16 -Ultrafast dynamics of relative transmittance at 450 nm at different spatial locations far from the beam center where no NP reshaping is expected. The inset shows the transmission image of the sample at 0.35 ps. The colors of the rectangles correspond to the colors of the curves.

Figure 4 .

 4 Figure 4.17 -HAADF-STEM images of the initial film compared to the laser-marked sample with different number of pulses N. The second row contains images recorded at double magnification.

Figure 4 .

 4 Figure 4.18 -HAADF-STEM image of an area of the sample after N = 10 pulses indicating local selforganized reshaping. The period Λ is estimated to be 540 nm.

Figure 4 .

 4 Figure 4.19 -HAADF-STEM images of the sample after laser marking. Left: The sample after N = 4 highlighting the presence of fragmented, small NPs indicated by the red arrows. Right: HAADF-STEM image of the sample after N = 10, where the orange arrows show some traces of fragmented NPs marked in the TiO2 matrix during the separation.
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 4202 Figure 4.20 -Cross-section STEM images of the initial and the laser-processed samples. The red circles in the images of the laser-processed samples indicate some migrated Ag NPs on the top surface.

Figure 4 .

 4 [START_REF] Petrova | Time-resolved spectroscopy of silver nanocubes: observation and assignment of coherently excited vibrational modes[END_REF]) even when N > 5. The long time-scale dynamics does not evidence any obvious increase in transmittance independently from the pulse number. Additionally, the transmittance decreases after each fs pulse until N = 11, no persistent increase is observed as in the case of the 630 nm beginning at N = 6. The complex wavelength-dependent spectral transformations were demonstrated in the previous chapter in the multi-pulse regime.The evolution of the transmission coefficient in the visible spectral range is shown in Figure4.21 demonstrating the tendency of the evolution of the polarized transmission until N = 58 pulses.
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 421 Figure 4.21 -The evolution of the transmission spectrum with increasing pulse number N. The figure is reused from Figure 3.9 in the previous chapter. The pump and the probe polarizations are perpendicular, as in the present experiment. The two black arrows indicate the spectral tendencies at the probe wavelengths of 450 nm and 630 nm.
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 38 Dynamics above single-pulse ablation thresholdIn these experiments, the laser peak fluence in the beam center is increased to 52 mJ/cm 2 to slightly exceed the film ablation threshold after the first fs pulse (measured to ~50 mJ/cm 2 ).The temporal dynamics of the relative transmittance (630 nm probe wavelength) and the OPD are shown in Figure 4.22. The transmittance's ultrafast dynamics shows the same tendency as the results below the ablation region in the ultrashort timescale (left image in Figure 4.10). The sudden signal decrease until 400 fs due to e-e coupling establishing a hot Fermi distribution. The signal starts to increase at 400 fs that is faster compared to the 600 fs measured in the lower fluence experiment. This indicates that the higher temperature electron plasma starts heating the lattice earlier. The subsequent rapid increase indicates NP heating via e-ph coupling. The heated NPs start to equilibrate with the surrounding matrix via ph-ph interaction. The sudden transmittance increase starting at 50 ps indicates the onset of the ablation process, and its interpretation is discussed later.
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 422 Figure 4.22 -Ultrafast dynamics of relative transmittance (blue curve) and OPD (red curve) recorded at 630 nm in the ultrashort time (image A) and longer timescales (image B). The probe wavelength is
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 423 Figure 4.23 -Sequence of intensity and OPD images at characteristic time delays. The intensity images are normalized by the intensity image of the initial sample. In both cases, the images recorded at 16.6 µs are the second frame of the video file where the delay is set to -0.25 ps. The probe wavelength is 630 nm.
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 424 Figure 4.24 -Sequence of intensity and OPD images at characteristic time delays. The intensity images are normalized by the intensity image of the initial sample. In both cases, the images recorded at 16.6 µs are the second frames of the video files where the delay is set to -0.25 ps. The probe wavelength is
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 425 Figure 4.25 -Spatially-resolved relative transmittance and OPD traces. A: Ultrafast dynamics of relative transmittance at different spatial locations. The inset shows the transmission image of the sample at 200 ps. The colors of the curves in each image correspond to the colors of the rectangles in the inset image. B: Same as image A on longer time delays. The black arrow indicates the onset of the ablation mechanism, where the different curves start to deviate. C: Ultrafast dynamics of the OPD on short time delays. C: Same as image C on longer time delays. The probe wavelength is 630 nm.
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 426 Figure 4.26 -Ultrafast dynamics recorded at 450 nm. A: Ultrafast dynamics of relative transmittance at different spatial locations. The inset shows the transmission image of the sample at 0.35 ps. The colors of the curves in each image correspond to the colors of the rectangles in the inset image. B: Ultrafast dynamics of the OPD at different sample locations which are the same as in image A.
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 427 Figure 4.27 -Comparison of time traces at the two different probe wavelengths on long time delays. The arrows at 50 ps indicate the onset of the ablation process.

(Figure 4 . 25 ,

 425 black arrow and Figure 4.27, arrows) indicates the onset of the ablation processes. At earlier delays, development of hot Fermi electron plasma, and subsequent relaxation via eph and ph-ph interactions are expected to occur. The ablation starting at 50 ps is triggered upon sample heating generating high compressive stress, and the buildup of upward tensile stress

  Figure 4.26). OPD variations of several tens of nm are clearly detected at both probe wavelengths, in relation with the overall heat-induced refractive index change (Δ𝑛(𝑡)), and the bulge of the multilayer sample (Δ𝑑(𝑡)).

5 )

 5 with a definite onset at 200 ps, and lasting on a scale of hundreds of ps. Ag + diffusion within the TiO2 matrix, nucleation and growth leading to the formation of spherical NPs on the surface, fragmentation and further NP reformation within the matrix were ascribed for this slower reshaping process. Beside the size reduction, the electron microscopy characterizations evidenced self-organized reshaping resulting from localized melting of NPs.Slightly above the ablation threshold, the dynamical evolution of Newton ring pattern was probed at two wavelengths. The dynamics of the sample transmittance could be fairly described by considering the existing model of ultrafast laser ablation of thin metal films taking into account buildup of tensile stress, film expansion and subsequent Newton rings formation. The ablation onset is measured to 50 ps in our experiments. Due to the strong heating and structural transformation of the multilayer sample, the ultrafast evolution of the OPD was also possible to detect. OPD variation of several tens of nm was clearly detected at both probe wavelengths, in relation with the overall heat-induced refractive index change (Δ𝑛(𝑡)), and the bulge of the multilayer sample (Δ𝑑(𝑡)).
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 51 Figure 5.1 -Shape of acoustic strain pulse generated in a metallic thin film and transmitted into the substrate. The notation is described in the text.
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 52 Figure 5.2 -The experimental arrangement for detecting the acoustic pulse propagation in the substrate emitted by a metallic film using pump-probe technique. A typical time-resolved signal is shown for illustration.
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 53 Figure 5.3 -Steady-state transmittance spectra of the samples. The nominal thicknesses of the initial samples are indicated in the labels. In the followings, the same nomenclature is used to identify the different samples.
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 54 Figure 5.4 -Investigations of acoustic pulse emission. A: Plan-view and cross-section HAADF-STEM images of the different samples, and the 2D maps of the corresponding transient absorption spectra after thermal background subtraction highlighting the Brillouin signals. ffAg stands for Ag filling factor. Note that even the laser-processed sample, the 2D carpet evidences small amplitude Brillouin signal between 380 and 400 nm. B: Example time traces probed at 388 nm for each sample before background removal (raw experimental data). The trace of the laser-processed sample (green) is shifted vertically for clear observation of the residual Brillouin oscillation. C: Plot of vibration period vs probe wavelength for the

Figure 5 .

 5 Figure 5.4C shows that the period of the vibrations linearly increases with probe wavelength from 20.8 ps to 35.3 ps for the three intact samples, in agreement with Eq. (5.7) and the low dispersion of the glass refractive index on this probe wavelength range. The period at each probe wavelength is determined based on averaging 10 oscillations. Figure 5.4D shows the
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 55 Figure 5.5 -The probe wavelength dependence of the Brillouin signal's amplitude for the different samples.
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 55 could be also related to the |𝜕𝜖/𝜕𝐸| spectrum of the glass substrate. In glass, one can neglect the second term in Eq.(5.14) in the visible wavelength range as 𝜖 𝑖 ≪ 𝜖 𝑟 , therefore the oscillation amplitudes is determined by the energy derivative of the real dielectric function. The spectra of 𝜖 𝑖 and 𝜖 𝑟 , and the calculated |𝜕𝜖/𝜕𝐸| for N-BK7 are reported in Figure5.6. Due to the rapidly decreasing vibration amplitude the wavelength-dependent attenuation is investigated exclusively for the spectral region of 380 nm -450 nm in the followings.
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 56 Figure 5.6 -A: Variation of real and imaginary parts of the dielectric function with photon energy (wavelength) for N-BK7 glass. B: The variation of the absolute value of the photon energy derivative.
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 57 Figure 5.7 -The decay of the logarithm of the oscillation amplitude with increasing oscillation number for the representative example time trace of 430 nm (from Ag: 10 nm sample). The linear fit to the measured data points is indicated by red line.
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 43 Numerical investigation of acoustic wavefront distortionsAs previously discussed, the work demonstrates that a discontinuous metallic layer made of near-coalescence nanoislands or well-separated NPs can generate optically detectable acoustic waves in its supporting glass substrate. In the following, we describe a simple 2D model built to qualitatively explain this experimental observation and better understand the relation between the morphological properties of a NP layer and the features of the acoustic waves that it produces. The model is developed by Dr. Aurélien Crut from FemtoNanoOptics group of Institut Lumière Matière in Villeurbanne, France.This model addresses the simplified case of an infinite one-dimensional chain of uncoupled, point-like emitters with non-uniform density, emitting scalar waves in a half-plane, whose attenuation upon propagation is neglected. The density of emitters is described by a function 𝑓(𝑎), with 𝑎 the spatial coordinate along the emitter chain (located at z = 0). All emitters are assumed to generate coherent acoustic pulses of same angular frequency 𝜔 = 2𝜋𝑓 and duration 𝜏, described by the damped oscillating function of time ℎ(𝑡) such as (using complex nota-𝜏 𝑒 𝑖𝜔𝑡 if 𝑡 ≥ 0.

( 5 .

 5 [START_REF] Grumstrup | Pump-probe microscopy: visualization and spectroscopy of ultrafast dynamics at the nanoscale[END_REF] represents the perturbation of the spatio-temporal profile of the emitted wave induced by an inhomogeneous emitter density (non-zero 𝑓 𝑓𝑙𝑢𝑐𝑡 ), as compared to the case of a homogeneous one of same average density 𝑓 ̅. Its integrand is a product of a function of zero average value (𝑓 𝑓𝑙𝑢𝑐𝑡 (𝑎)) and of an oscillatory function of 𝑎′ (𝑒 thus expected to strongly depend on the characteristic distance 𝑑 𝑓 over which the 𝑓 function fluctuates, and to become much smaller than 𝐴 𝑓𝑖𝑙𝑚 , when 𝑑 𝑓 is much smaller than the characteristic fluctuation distance of 𝑒 -𝑖𝜔𝑎′ 2 2𝑐 𝐿 𝑧 . This can be seen by decomposing the integral of Eq. (5.19) as a sum of integrals on intervals small enough for the oscillating function to remain approximately constant, but large enough for the average value of 𝑓 𝑓𝑙𝑢𝑐𝑡 to approach its 0 overall average value. This exponential has a local wavelength Λ ′ = 4𝜋 𝑐 𝐿 𝑧 𝜔𝑎′ . Since |𝑎′| ≤ 𝑎′ 𝑚𝑎𝑥 ≅ √2𝑧𝑐 𝐿 𝑡′ , Λ ′ obeys Λ ′ ≥ Λ√ 2𝑧 𝑐 𝐿 𝑡 ′ , where Λ = 𝑐 𝐿 𝑓 is the acoustic wavelength. The 𝑑 𝑓 <<Λ ′ condition is thus always fulfilled at the front of the emitted pulse, as Λ ′  ∞ when 𝑡 ′  0. A general criterion for the whole emitted acoustic pulse to resemble that emitted by a homogeneous transducer can be obtained by replacing 𝑡 ′ by the duration of the emitted pulse 𝜏, leading to 𝑑 𝑓 ≪ Λ√ 2𝑧 𝑐 𝐿 𝜏 . (5.21) In our experiments, 𝑐 𝐿 is about 6000 m/s, and the f = 40-50 GHz detected acoustic frequencies correspond to acoustic wavelengths in the 120-150 nm range. As the acoustic quality factors of substrate-supported nano-objects Q= 𝜋𝑓𝜏 is typically of the order of 10 [262], 𝜏 is estimated to be of the order of 100 ps for an acoustic source emitting at 50 GHz. Thus, after propagation on distance of a few µm, the √ 2𝑧 𝑐 𝐿 𝜏 factor has a value of a few units ( 5 for z = 6 µm). Numerical simulations of the waves produced by emitters with inhomogeneous density, based on Eq. (5.16) are presented in Figure 5.9. An emitter chain extending over 10 µm was considered in these simulations (a finite emitter chain being required for numerically estimating the integral of Eq. (5.16) with random 𝑓 values). Several random functions with the same average values but differing by the 𝑑 𝑓 characteristic distance over which they fluctuate were used for 𝑓.
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 59 Figure 5.9 -Numerical simulations of the waves generated by an inhomogeneous chain of emitters. Calculations were based on the model described in the main text (Eq. (5.16)), considering a 10 µm long chain of emitters. Emitter densities with randomly chosen, equiprobable 0 or 2𝑓 ̅ values every 𝑑 𝑓 =100 nm (A), 10 nm (B) and 1 nm (C) intervals (and thus with same average value 𝑓 ̅) were considered in these calculations. The case of an emitter chain with homogeneous 𝑓 ̅ density is also shown for comparison (D). A 𝑐 𝐿 =6000 m/s sound velocity was used, and calculations were done for = 0.5 ns time.

  the guided modes supported by the multilayer, the study unveiled the different mechanisms that successively drive the reshaping and self-organization of Ag NPs embedded between TiO2 layers. The multipulse shape transformations under high-repetition rate, visible fs laser irradiation were studied following the effect of 50000 pulses. The detailed investigation of the evolution of laser-induced nanostructures at different pulse number regimes revealed the decisive laserinduced physico-chemical mechanisms. A chronology of the mechanisms was proposed as following.The shape transformation is dominated by size reduction at low fs pulse number due to photodissociation of Ag nanoislands. Self-organized nano-pattern forms at this stage with spatial period close to the laser wavelength, which originates from two factors. Firstly, excitation of forward scattered guided mode inside the multilayer film interfering with the incident laser light giving rise to spatial periodic intensity modulation. Secondly, the maximum of the spatial temperature modulation in the Ag layer exceeds the melting temperature of the NP ensemble while the minimum stays below, leading to local reshaping and coalescence within sub-micrometric periodic fringes. With further increasing number of pulses, the shape transformation of nanoislands into prolate spheroids is finished within 6000 pulses, involving the accumulative laserinduced temperature rise exceeding the melting temperature of Ag everywhere in the film, resulting in homogeneous NP melting and solidification. The observed shape anisotropy of the nanoparticles was attributed to directed emission of electrons and Ag + ions, their recombination and diffusion back at the poles. Simultaneously, Ag nanoparticles disperse in a single TiO2 layer due to collapse of the multilayer system. After tens of thousands of pulses, the increased effective refractive index of the guided mode due to the collapsed multilayer results in a small period interference pattern. The high temperature promotes Ostwald ripening mechanisms that very slowly form low period gratings, where Ag nanoparticles grow in the low intensity regions, and shrink in the high intensity regions.The fourth chapter described a work continuing the investigation of multipulse NP shape transformations on the ultrafast timescales. In addition, the dynamics below reshaping threshold and above single pulse ablation threshold were investigated. Starting with the investigations of the dynamics below reshaping fluence threshold, transient absorption spectroscopy revealed complex spectral response containing of a set of combined photo-induced absorption and plasmon bleaching contributions, which could be associated with ground-state plasmon bands in the steady-state absorbance spectrum. The characteristics of these plasmon bands were transiently affected when irradiating the sample with ultrashort laser pulses. Somewhat hidden resonance bands could be clearly revealed by investigating the features of the transient spectra. The decay of all the transients seemed to finish within roughly one ns after the excitation.The multipulse shape transformation was governed by NP size reduction by charge-assisted atomic desorption and fragmentation processes. Two-color pump-probe microscopy revealed the ultrafast dynamics of the pulse-by-pulse blue-shifting plasmon band due to NP size reduction and increased NP separation. The ultrafast e-e interactions probed relatively close to the LSPR center clearly reflected the pulse-by-pulse band transformation. A slow NP reshaping process was revealed with a definite onset at 200 ps, and lasting on a scale of hundreds of ps.Ag + diffusion within the TiO2 matrix, nucleation and grow leading to the formation of spherical NPs on the surface, fragmentation and further NP reformation within the matrix were ascribed for this slower reshaping process. Ex situ electron microscopy images of laser-marked samples revealed fragmented NPs within the matrix, and NPs formed on the free surface of the multilayer. Beside the size reduction and fragmentation, formation of self-organized nanogratings was evidenced in some sample area by the electron microscopy images.In experiments characterizing single-pulse nanocomposite ablation, the formation of Newton ring pattern dominated the dynamics on hundreds of ps scale with both selected probe wavelengths. The dynamics of the sample transmittance could be fairly described with existing models of ultrafast laser ablation of very thin films taking into account buildup of tensile stress, film bulge and subsequent Newton rings formation. The film ablation optically indicated by abrupt and definite transmittance increase at both probe wavelengths started at 50 ps. Due to the strong heating and structural transformation of the multilayer sample, quantitative phase measurements using QLSI technique evidenced OPD increase starting after a few ps in relation with the strong heating of the system. OPD variation of several tens of nm was clearly detected at both probe wavelengths, due to overall refractive index modification and the expanding multilayer sample. At long delays in the range of 10 µs, film removal in the laser-heated area was clearly visible on the microscopy images. In the last chapter, the excitation, propagation and energy dissipation of acoustic waves emitted by inhomogeneous plasmonic NP ensembles were investigated. By comparing NP ensemble with radically different morphological properties (filling factor, characteristic NP size variation), the coherent pulse generation efficiency was demonstrated to dramatically reduce in samples with low Ag nanoisland filling factor. This experimental observation was supported by a simplified numerical model considering of an infinite, one-dimensional chain of uncoupled, point-like acoustic emitters with non-uniform density, emitting scalar waves. The model demonstrated the relation between the morphological properties of a NP layer and the features of the produced acoustic waves, particularly at which condition the effect of a non-uniform emitter density becomes negligible. Experimentally, the acoustic pulse energy dissipation during propagation in glass medium was investigated by monitoring the amplitude decay of Brillouin oscillations with increasing propagation distances (several micrometers in glass). The attenuation rates of 40-50 GHz acoustic phonons were measured. The measured attenuation rates were very close to the values measured on chemically pure silica by other groups, implying the same phonon damping mechanisms in the two types of glass. The similarity was attributed to the high proportion of silica in the investigated multicomponent composition (N-BK7).

  

  

  the emitters with non-zero contribution to the integral of Eq.(5.16) are located in a spatial region such that|𝑎 ′ | ≤ √(𝑐 𝐿 𝑡) 2 -𝑧 2 = 𝑎 ′ 𝑚𝑎𝑥 (𝑧, 𝑡),(5.17)with 𝑎 ′ 𝑚𝑎𝑥 (𝑧, 𝑡) ≈ √2𝑧𝑐 𝐿 𝑡′ ≪ 𝑧. The (𝑎 ′ 2 + 𝑧 2 ) 14 denominator appearing in Eq. (5.16) can then be approximated as √𝑧 , while the oscillating function ℎ ( 𝑡 -The 𝑓(𝑎) density can be generally written as 𝑓(𝑎) = 𝑓 ̅ + 𝑓 𝑓𝑙𝑢𝑐𝑡 (𝑎), with 𝑓 ̅ being its average value. Separating the contributions of 𝑓 ̅ and 𝑓 𝑓𝑙𝑢𝑐𝑡 (𝑎) in the integral of Eq. (5.18), and expressing the former one 𝐴 𝑓𝑖𝑙𝑚 (corresponding to a constant emitter density, as e.g. in the thin film case) as a function of the sole 𝑡 ′ = 𝑡 -

													√ 𝑎 ′ 2 + 𝑧 2 𝑐 𝐿	) can be approxi-
	mated as ℎ ( 𝑡 -	𝑧 𝑐 𝐿	-	𝑎 ′ 2 2𝑐 𝐿 𝑧	). Equation (5.16) then becomes
		𝐴 (𝑥, 𝑧, 𝑡) ≈	𝑒	(-	1 𝜏 √𝑧 + 𝑖𝜔)𝑡 ′	-𝑎 ′ 𝑚𝑎𝑥 (𝑧,𝑡) ∫ 𝑎 ′ 𝑚𝑎𝑥 (𝑧,𝑡)	𝑓(𝑎 ′ + 𝑥)	𝑒	(	1 𝜏	-𝑖𝜔)	𝑎 ′ 2 2𝑐 𝐿 𝑧 𝑑𝑎 ′ .	(5.18)
													𝑧 𝐶 𝐿	variable using the 𝑒𝑟𝑓 error function, Eq. (5.18) can
	be rewritten as										
		𝐴 (𝑥, 𝑧, 𝑡) ≈ 𝐴 𝑓𝑖𝑙𝑚 ( 𝑡 ′ )	
					+	𝑒	(-	1 𝜏 √𝑧 + 𝑖𝜔)𝑡 ′	∫ -𝑎 ′ 𝑚𝑎𝑥 (𝑧,𝑡) 𝑎 ′ 𝑚𝑎𝑥 (𝑧,𝑡)	𝑓 𝑓𝑙𝑢𝑐𝑡 (𝑎 ′ + 𝑥)	𝑒	(	1 𝜏	-𝑖𝜔)	𝑎 ′ 2 2𝑐 𝐿 𝑧 𝑑𝑎 ′ ,	(5.19)
	with											
			𝐴 𝑓𝑖𝑙𝑚 ( 𝑡 ′ ) = 𝑓 ̅ √ 1 2𝜋𝑐 𝐿 𝜏 -𝑖𝜔	𝑒𝑟𝑓 (𝑖 √ ( 1 𝜏	-𝑖𝜔) 𝑡 ′ ) 𝑒	(-	1 𝜏 +𝑖𝜔)𝑡 ′ .
													𝑧 𝐶 𝐿	, i.e., time is
	needed for acoustic waves to cover the distance 𝑧. At slightly larger times 𝑡 =	𝑧 𝐶 𝐿	+ 𝑡′ such that
	𝑡 ′ <<	𝑧 𝐶 𝐿										

,
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𝜔 𝑏𝑠 = 𝜔 0 + 𝜔 𝑝ℎ𝑜𝑛𝑜𝑛 .

(5.11)

Assuming normal angle of photon incidence, the probe photon with 𝑘 wave number is backscattered from the phase-matched phonon of the strain wave-packet, which has a wave number 𝑞 = 2𝑘 and angular frequency 𝜔 𝑝ℎ𝑜𝑛𝑜𝑛 = 2𝑘𝑣, where 𝑣 is the sound velocity. From the expression of the phonon angular frequency

one obtains immediately the relationship between the frequency of the phase-matched phonon and the period of the sinusoidal vibration in the time-resolved signal in Eq. (5.7) as

(5.13)

The amplitude of the oscillating signal that one measures using a single probe wavelength is proportional to the amplitude of the phase-matched phonon of the acoustic wave-packet. In consequence, the damping of this component becomes possible to monitor by investigating the attenuation of the signal oscillation amplitude. In our data analysis in the result section, we investigate the sound attenuation of different acoustic frequencies in glass medium.

Multilayer samples with different Ag thicknesses

The steady-state transmittance spectra of each sample investigated in this study is reported in attenuation in glasses [START_REF] Fabian | Theory of sound attenuation in glasses: the role of thermal vibrations[END_REF], [START_REF] Jäckle | Elastic effects of structural relaxation in glasses at low temperatures[END_REF]- [START_REF] Buchenau | Interaction of soft modes and sound waves in glasses[END_REF]. Towards higher frequencies, the contribution of TAR exhibits saturation and anharmonicity becomes the dominant source of sound damping approaching the frequency region of ~200 GHz. Further increasing acoustic frequencies around ~THz exhibits damping proportional to the fourth power of the acoustic frequency as measured in densified silica and lithium diborate glasses by inelastic x-ray scattering [START_REF] Rufflé | Observation of the onset of strong scattering on high frequency acoustic phonons in densified silica glass[END_REF], [START_REF] Rufflé | Glass-specific behavior in the damping of acousticlike vibrations[END_REF]. The increased rate of damping is expected for elastic scattering in a statistically disordered medium, compatible with the Rayleigh law [START_REF] Ferrante | Acoustic dynamics of network-forming glasses at mesoscopic wavelengths[END_REF], [START_REF] Baldi | Sound attenuation at terahertz frequencies and the boson peak of vitreous silica[END_REF]. In the middle acoustic frequencies in the region of hundreds of GHz until the onset of the Rayleigh regime, a non-trivial frequency dependence was reported by several experimental works [START_REF] Ayrinhac | Subterahertz hypersound attenuation in silica glass studied via picosecond acoustics[END_REF], [START_REF] Devos | Hypersound damping in vitreous silica measured by picosecond acoustics[END_REF], [START_REF] Klieber | Narrow-band acoustic attenuation measurements in vitreous silica at frequencies between 20 and 400 GHz[END_REF], [START_REF] Wen | Femtosecond ultrasonic spectroscopy using a piezoelectric nanolayer: hypersound attenuation in vitreous silica films[END_REF]. [START_REF] Vacher | Finite size effects in Brillouin scattering from silica glass[END_REF] and UV-BLS [START_REF] Benassi | Sound attenuation in a unexplored frequency region: Brillouin ultraviolet light scattering measurements in v-SiO2[END_REF], [START_REF] Masciovecchio | Inelastic ultraviolet scattering from high frequency acoustic modes in glasses[END_REF] techniques are plotted for comparison.

As shown in the reference [START_REF] Ayrinhac | Subterahertz hypersound attenuation in silica glass studied via picosecond acoustics[END_REF], the data points from the BLS experiments in Figure 5.8 align precisely to the theoretical prediction of the sum of anharmonicity and TAR mechanisms with nearly two times stronger contribution from anharmonicity. Based on the quantitative fit of our data points among the BLS data, we suggest that these two mechanisms rule the sound attenuation in the present N-BK7 multicomponent glass as well in the acoustic frequency region of tens of GHz.

Appendix

In section 2.2.2 in Figure 2.6, fast electron-hole plasma recombination and exciton emission (referred to as electron-hole plasma mechanism), and a slower trap-mediated recombination were described as relaxation pathways in photoexcited ZnO nanorod. Photoexcitation of ZnO by simultaneous two-photon absorption in the near-infrared spectral region promotes electrons from the valence band to the conduction band, resulting in free charge carriers in the conduction band and leaving behind hole states in the conduction band (Figure A1). An electron and a hole