Keywords: ultrafast phenomena, picosecond laser ultrasonics, liquid confinement, time-resolved spectroscopy, interfacial effects, cumulative heating of liquids

The phenomenon of liquid structuring near interfaces is related to the liquid/interface interaction forces at distances of some molecular dimensions. Despite the fact that this universal structuring effect plays a key role in various fields such as heat transport, particle transport through biological membranes, nanofluidics, microbiology and nanorheology, the experimental investigation of liquid structuring remains challenging.

The aim of this PhD thesis is the experimental study of the structuring/ordering of liquids at nanoscale distances from their interfaces with solids. In this context, we have adapted the experimental technique of picosecond laser ultrasonics to investigate high-frequency longitudinal acoustic properties of ultrathin liquids (glycerol, OMCTS, liquid crystals) confined between solid surfaces of different types. At first, we will present results of time-domain Brillouin scattering (TDBS) used to determine the temperature distribution profile in the investigated liquid volume which can be extrapolated to nanometer dimensions. Results for the evolution of the extracted Brillouin scattering frequencies and attenuation rates recorded at different laser powers give insight to the intrinsic relationship between thermal and mechanical properties of liquids. Second, we will describe our results for the measurements of mechanical properties of ultrathin liquids with a nanometric resolution. Fourier analysis of the recorded TDBS signals for different liquid thicknesses yield the value of the longitudinal speed of sound and attenuation at GHz frequencies. These are compared to the results of separate measurements of bulk liquids at ambient temperature. This novel TDBS experimental scheme is a first step towards the understanding of confined liquids measured by GHz ultrasonic probing.
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OVERVIEW

Overview

Nowadays, one of the rapidly developing domains in science is nanoscience.

Nanoscience or, in other words nanotechnology, is the study of structures and materials on the scale of nanometers, e.g. atoms, molecules and objects whose size is on the range of 1-100 nm. Despite its size, there is plethora of effects happening at the nanoscale. It gives the sunset its red color, allows birds to navigate and helps geckos stick to trees. Understanding the nature's nanosecrets can allow us to use them for ourselves.

The ideas and concepts behind nanoscience and nanotechnology started with a talk entitled "There's Plenty of Room at the Bottom" by the physicist Richard

Feynman at an American Physical Society meeting at the California Institute of Technology (CalTech) on December 29, 1959 [1], long before the term nanotechnology was used. 1 In this famous lecture, Feynman laid the conceptual foundations for the field of nanothechnology when he imagined a day when things could be miniaturized. He described a process in which scientists would be able to manipulate and control individual atoms and molecules. This was achieved later with the invention of microscopes that involves the ability to see individual atoms and molecules (scanning tunneling microscope (STM) and the atomic force microscope (AFM)). Once scientists got the right tools, the exploration of a strange new world down there started.

Although this area is still new, nanoscale materials were used for centuries.

For example, vibrant stained glass windows of Notre Dame Cathedral owed their rich colors to nanoparticles of gold chloride and other metal oxides and chlorides (13th century). Or, a worlwide known Lycurgus Cup (4th century), which shows a different colour depending on whether or not light is passing through it. Colloidal gold and silver in glasses makes it look green when light comes from outside but red when light shines through the inside. For example, as gold gets smaller, it stops looking gold and instead reflects red, purple, blue and finally becomes invisible.

1 A term of nanothechnology was coined by Norio Taniguchi in 1974.

xiii OVERVIEW But nanoworld is not just unusual looking, things behave differently there too.

Down at the nanoscale, with the volume reduction, the properties of materials are modified with respect to the bulk. It's important to realize that all materials, including solids, liquids, and gases, show property changes through nanosize regime. As more and more information and interest is accumulating on microscopic, mesoscopic, and nanoscopic (molecular-scale) systems and processes, there is a natural desire to understand and control these phenomena. Even today we can observe how nanoscience has already impacted our lives with innovations as computer hard drives, which store information on magnetic strips that are just 20 nanometers thick, smartphones getting smaller and faster, etc.

A special interest arisen for the investigation of molecular ordering and liquid structuring at nanoscale. Particularly, there has been considerable interest in recent years in the determination of the structure of liquids under confinement. Effects of confinement on liquid structuring is a field that is developing in different systems like water, ionic liquids, liquid crystals and crystalline materials. The properties of nanoconfined liquids were studied over twenty years [START_REF] Israelachvili | [END_REF][3][4][5][START_REF] Jarvis | Liquid structuring at the Solid-liquid interface[END_REF][START_REF] Han | [END_REF] and still, we do not have a full picture of this phenomena, and our knowledge is insufficient and sometimes contradictory. The understanding of this concept will allow to clarify our understanding on the liquid state and the interaction of molecules and particles in liquids at the nanometric level.

The main goal of this PhD project is to get new useful information about liquid structuring/ordering, to understand the fundamental physics of interfacial and confined liquids at the nanoscale.The work in this thesis is focused on the advancement of the ultrafast photoacoustic technique for the viscoelastic measurements of liquids in the GHz frequency range, which remains uncovered by other techniques. The ultimate goal of this PhD project is to probe not only to the mechanical properties of bulk liquids from GHz laser excited ultrasound, but also the mechanical properties of ultrathin liquids. The thesis is organized as follows:

In Chapter 1 we describe in details molecular ordering and liquid structuring under confinement. We introduce some of the basic concepts of ordering in specific complex structures. At the end of the chapter, we present different experimental techniques that have been developed to investigate this problem.

An introduction to the experimental and instrumental developments related to picosecond laser ultrasonics / ultrafast photoacoustics, which can access acoustic frequencies from GHz to even THz, is provided in Chapter 2. In picosecond laser ultrasonics measurements, laser heating of a thin metal transducer film leads to therxiv OVERVIEW mal expansion and strain pulse generation. We describe the basic principles of the generation and detection of this strain pulse in our experimental system. The general concepts and details on the detection method of time-domain Brillouin scattering are introduced. The theory of detection in an acousto-optical liquid cavity, which models the liquid sample scheme used in this PhD thesis, is reviewed. In the end, we detail the experimental setup developed during this project to achieve these goals.

Particular attention is paid to the material choice in Chapter 3. We also describe a custom-made liquid sample cell, which is a complex and sophisticated system that gives an access to a wide range of liquid thicknesses, from less than a nanometer up to several hundreds of micrometers. Some notes and remarks on the sample preparation are given at the end of the chapter.

A detailed study of sample cumulative heating caused by laser pump pulses is presented in Chapter 4. The experimental investigations of the laser excitation of chromium transducer films are presented at first. Then we discuss the measurements for glycerol in different sample configurations and OMCTS at different laser powers and temperatures. The study of cumulative heating effect has highlighted the importance of good selection of sample materials.

At the beginning of Chapter 5, we describe the analysis of time-domain Brillouin scattering data, which compares arrival times and amplitudes of strain pulses transmitted through different liquid thicknesses. This allows the extraction of sound velocity and attenuation rates of liquids under study at particular Brillouin frequency. The longitudinal Brillouin scattering data are presented for three different liquids, glycerol, OMCTS and liquid crystal 8 CB, in bulk and ultrathin configurations. If available, the obtained information is compared with information available in the literature.

At the very end of this thesis, in Appendix A, we provide more details on liquid crystals. In Appendix B we review the experimental developments tested during this PhD period. And in Appendix C the reader can find some relevant parameters of the materials.

xv Chapter 1

Theoretical considerations onconfinement effects in liquids

When we talk about liquid, we always imagine it as a completely random disordered state, which has perfect translational and rotational symmetry. This statement is correct at a high-temperature or low-density limit near the gas-liquid transition.

However, under some conditions a local structural ordering in liquid is observed. For example, upon melting of a solid, the existing molecular order does not disappear completely in the liquid state. Such phenomena is known as liquid structuring and molecular ordering in liquids.

Molecular ordering has been studied experimentally, computationally and theoretically for many tens of years. But information on molecular structure, packing arrangement, and inherent disorder is still insufficient and a matter of some controversy. As it was already mentioned, the main manner to investigate the molecular ordering/liquid structuring is the investigation of liquids confined in different geometries. Understanding the dynamics of liquids in confinement continues to be one of the major fundamental issue in the field of nanoscience and remains one in which we still need theoretical frameworks.

In the sections that follow, we get acquainted with some of the basics of molecular ordering, we introduce factors that can impact the liquid structuring and we present the experimental techniques that have been developed to investigate this problem.

1 CHAPTER 1. THEORETICAL CONSIDERATIONS ONCONFINEMENT EFFECTS IN LIQUIDS

General view on molecular ordering

There are two basic kinds of molecular ordering processes. First, there is the assembly of molecules into clusters or nanoparticles, or even large colloidal aggregates, that occurs spontaneously, which is referred to as self-assembly. Naturally occurring ordering or organization is supposed to be driven by thermodynamics. Amphiphilic molecules are known to spontaneously order at liquid-solid and liquid-air interface, forming well-ordered layers [8]. Or, for example, the first layer of water molecules around a strongly solvated ion are "structured", they are restricted in their positional and orientational order and in their motion. But the effect does not end there; it propagates beyond the first layer, only much more weakly. This is because the water molecules in the first layer interact directly with the charged ion, while those in the second and subsequent layers interact only with other water molecules and only indirectly with the ion. Such molecular ordering is caused by a solute-solvent interaction [START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF]. Then there are energy-requiring (external field-driven) processes that lead to long-lived metastable or steady-state structures that are not necessarily the thermodynamically most favored structures or true equilibrium state. Such molecular ordering can be driven by the externally applied forces on the system during their preparation such as normal or shear stresses, gravity, and magnetic or electric fields. For example, applying an external magnetic field to magnetic colloidal particles, which tend to associate into linear strings, where all dipoles point in the same direction along the string, will orient these strings along the field. In more concentrated systems the strings associate with one another to form ordered close-packed lattice of magnetic particles.

The "involuntary" ordering of liquid molecules can be caused by various reasons.

At least three different types of ordering can be identified: positional ordering into layers, which can be a consequence of liquid/surface interaction, orientational ordering, which affects electrostatic and entropic charge-transfer interactions, and mean density variations near the surfaces, which can give rise to the additional "steric" repulsion between hydrophilic surfaces and a "depletion" attraction between hydrophobic surfaces. Microstructure near the surface and in thin films has played an important role in industrial applications, chemical engineering, and so forth.

What happens with a thin liquid layer deposited on solid surface?

Surface-induced liquid structuring There are many works that evidence that the molecules of the thin liquid on solid surface tend to organise in layer parallel to the solid boundaries [START_REF] Evmenenko | [END_REF][11][12][13][14]. The main local density of such liquid oscillates with EFFECTS IN LIQUIDS distance normal to the boundaries (see below). It has been shown that liquid films can even undergo an abrupt transition from liquid-like to solid-like behavior below a critical thickness corresponding to several molecular layers of the liquid.

The "surface-induced ordering" (oscillatory density profile near the surfaces) has the same physical origin as the oscillations in the radial distribution function of simple liquids. The necessity of these finite-size molecules to organize in a restricted geometry diminishes the number of possible configurations in the liquid state and gives preference to more ordered structures [15]. The tendency of a liquid to organise or, in other words, to structurize at the vicinity of a solid surface is nothing else but a consequence of the interaction between the liquid and the solid surface. Depending on different conditions (the polarity of the interacting surfaces, as example) this interaction can be of different nature, for example dipole-dipole interactions (ion-dipole force, hydrogen bonding), dipole-induced dipole interaction, London interaction etc [START_REF] Jarvis | Liquid structuring at the Solid-liquid interface[END_REF]. For example, the ordering of liquid can be promoted by attractive interactions between an ion and a polar molecule (electrostatic interaction between a positively charged ion and a water molecule in an aqueous environment). Structuration of liquids near their interfaces with solids caused by liquid/solid interactions is known to take place at distances of few molecular dimensions from the interface [13,16]. Thus the structuration takes place at nanoscale both in liquids composed of relatively small molecules and in liquids composed of relatively large molecules [17,18]. The shape, the rigidity and symmetry of the molecules affect the structuring. Rigid hard sphere molecules exhibit more short-range order or structure than easily deformable molecules.

Not all liquids become ordered in the vicinity of the surface. This inability can be due to the surfaces, to the liquid, or to both. If the liquid and surface molecules are very different, the surface-induced ordering may not be possible. For example, asymmetric molecules [START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF]19,20] or if the surface is rough or dynamically "labile" (surfaces coated with surfactant monolayers or bilayers), the molecules do not order into discrete layers. The impact of the surfaces is discussed below.

The magnitude and range of molecular ordering in liquids are enhanced additionally by increasing the external pressure and lowering the temperature [START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF]. The total thickness of the structured liquid can be additionally reduced through squeezing of two parallel solid substrates by approaching one to another, i.e. by nanoconfinement. Nowadays, the study of molecular ordering is a fascinating topic [19,[21][22][23][24][START_REF] Coles | Faraday Discuss[END_REF].

Confinement-induced liquid structuring When a liquid is confined to nanometer scale in a closed system (nano-/mesoporous material [START_REF]Dynamics of Soft Matter: Neutron Applications[END_REF], squeezing between two CHAPTER 1. THEORETICAL CONSIDERATIONS ONCONFINEMENT EFFECTS IN LIQUIDS solid surfaces [21]), it exhibits unusual behavior compared to the bulk. The mechanical responses of confined liquids may significantly differ from bulk [START_REF] Granick | [END_REF]28]. The examples of such a system are present in everyday life, the blood moving through our bodies, the lubricant between mechanical parts, the hydraulic or pneumatic braking system in vehicles and much more. When a liquid is confined in an extremely narrow gap, the liquid ordering can be prominent and very interesting effects and new fundamental behavior emerge. There has been considerable interest in recent years in the determination of the structure of liquids adjacent to solid surfaces [19, 21-23, 25, 26, 29]. A large volume of literature shows the impact of the confinement on structure [30][31][32],

on freezing and melting of liquids [START_REF]Dynamics of Soft Matter: Neutron Applications[END_REF]31,33], on the liquid-to-glass transition point T g [12,[START_REF]Dynamics of Soft Matter: Neutron Applications[END_REF]29,34,35], dynamic properties [12,29] any many others properties [START_REF] Granick | [END_REF]28].

The effective shear viscosity is enhanced compared to the bulk, relaxation times are prolonged, and nonlinear responses set in at lower shear rates. These effects are more prominent, the thinner the liquid film. Nonetheless, it should be mentioned that the short-range order in liquid near a surface does not always mean that the liquid is in solid-like state. The fundamental interest in this area is the desire to understand the new physics that occurs due to finite-size effects, surface forces, interfacial, low dimensionality, and/or quenched disorder effects.

During this project, we were working with confined configuration, where a liquid was squeezed between two solid boundaries. We will consider the principle of liquid structuring under our experimental conditions for better understanding and which factors may influence the liquid structuring.

Principle of liquid structuring under confinement

Liquid confinement happens in many everyday life situations, for example when a miniature sphere falls on a drop of liquid put on a surface. Of course, the liquid squirts out, initially very fast, then slower and slower as the liquid thickness becomes less than the radius of the sphere. Experimentally, it was shown that the film eventually stabilises at a finite thickness of a few molecular diameters [19,22]. An extraordinarily large pressure is needed to squeeze out the final few layers of liquid between two solid surfaces. But what happens at the molecular level? The forces in between the solid surfaces and the liquid originates from van der Waals and electrostatic interactions [21]. At the beginning, the molecules are free to move inside the system, they can move, rotate. When the distance between the two solids decreases further and further, the liquid molecules firstly will approach to each other, some of them will escape the system and the remaining molecules will reorganize. At some point, when the distance between two solid substrates is equal to a few molecular layers, the molecules will naturally organize in layers parallel to the solid boundaries and short-range order will appear. When two particles are approaching closer than a few nanometers, continuum theories of attractive Van der Waals and repulsive doublelayer forces are no more usable to describe their interaction [21]. It is connected to the fact that the other non-DVLO forces show up. 2 These forces can be monotonically repulsive or attractive, or oscillatory, and can be much stronger at small separations.

The same type of experiments as depicted in Fig. 1.1(a,b,c) have been performed by means of Surface Force Apparatus [22,37,38]. In such experiments, the liquids (cyclohexane, OMCTS) are placed between two flat mica sheets and a force normal to the surfaces is applied gradually in order to confine the liquid. The discovered effect proves liquid ordering under confinement. It was observed that the short-range oscillatory solvation force between two surfaces in a liquid varies between attraction and repulsion with a periodicity equal to some dimension of the confined liquid molecules (Fig. 1.1 (d)). The first predictions of oscillatory force between two smooth walls approaching each other in simple liquid and periodic density variations have been done by [39,40].

The origin of the oscillatory force is the consequence of a periodic rise in the force necessary to remove each subsequent layer on approaching the surface. Solvation forces arise when the liquid molecules behave differently to those in the bulk liquid, ordering into layers. This force is intimately related to the structure that the confined liquid is forced to adopt under confinement (also known as the density distribution function)

and depend not only on the properties of the liquid medium but also on the chemical and physical properties of confining surfaces (see in 1.2.2). Solvation forces can be very EFFECTS IN LIQUIDS Figure 1.1. A liquid with a mean molecular diameter σ is squeezed between two flat parallel solid substrates. If no forces are applied between the solid boundaries, the liquid is under normal conditions, the molecules can move around the system (a). Once some force is applied normally to the solid boundaries in order to decrease the liquid thickness, some of the molecules will be forced to escape the system since there is no enough room (b). (The black arrows show the applied force, while the red arrows show the "ways of retreat" of liquid molecules). At some point, the molecules will organise into layers parallel to the solid boundaries (c). (d) Measured force F as a function of separation D between two mica sheets immersed in OMCTS. Dotted line: theoretical continuum van der Waals force computed for this system. Experimental data from [22].

strong at short-range, and they are therefore particularly important for determining the magnitude of the adhesion between two surfaces or particles in contact or at their potential minimum.

This effect was also shown theoretically and by computational simulation of the same system [39], the roughness of solid boundaries was considered to be less than the averaged molecular diameter σ (Fig. 1.2). In this case, a density profile for a liquid of spherical particle was considered. The mean local density of the liquid, plotted against the distance between two solid boundaries D, shows that close to the boundaries, the liquid density is vanishingly low because no particle can be located precisely there, but the local density is correspondingly large at a distance of one particle radius removed, while again it reaches a minimum one further particle radius away, and so forth. The constraining effect induced by bringing molecules into close proximity of two solid surfaces dominates over the attractive interactions between the liquid molecules and the solid boundaries, and forces the molecules to order into quasi-discrete layers. The tendency to order in layers parallel to the boundaries is indicated by the decaying oscillations with a period of about a particle diameter. The liquid molecules reorder themselves to accommodate in the gap between the approaching surfaces. The pressure between two surfaces is directly correlated with the density of liquids between these two surfaces. This pressure may be expressed by [START_REF] Jarvis | Liquid structuring at the Solid-liquid interface[END_REF]:

P (D) = kT (ρ s (D) -ρ s (∞)) (1.1)
where k is the Bolzman constant, T is the absolute temperature of the system, ρ s (∞) is the density of the liquid layer adjacent to the surface in case of only one solid surface (i.e. isolated solid-liquid interface), ρ s (D) is the adjacent layer density in confined configuration. In case of one solid/liquid interface, the density of the liquid layer near the solid surface is less than in case of two boundaries because there is no additional squeezing and the density oscillations across the liquid thickness are weaker. Since the pressure is expressed in terms of density, as a result one gets the oscillating pressure or force between two solid surfaces. This pressure is decreasing with an increase of the distance between two boundaries which is equivalent to a liquid thickness decrease. In case of very small separations, as the last layer of liquid molecules is finally squeezed CHAPTER 1. THEORETICAL CONSIDERATIONS ONCONFINEMENT EFFECTS IN LIQUIDS out, ρ(D → 0) → 0 for surface layers and for midplane as well. In this terms the solvation pressure strive for a finite value:

P (D → 0) = -kT ρ(∞) (1.2)
It means that the force at contact point is negative, thus it is attractive or adhesive. The oscillatory force imposes few important conditions on both liquid molecules and solid boundaries. The shape of molecules should not be too irregular and be free to exchange with molecules in the bulk liquid. And the solid boundaries should be smooth or crystalline.

Although the knowledge of liquid structuring is of crucial importance for such fundamental issues as energy and molecular transport across the interfaces, and to such fast developing applications as nanofluidics, our knowledge on liquid structuring at nanoscale is very limited. Knowledge of the parameters of the individual layers as well as of the interactions between the individual layers and between the layers and the solid are very insufficient.

Conditions for molecular ordering

There are different factors that can influence the ordering of liquid molecules.

One of the biggest impact comes from the solid surfaces. Whether they are hydrophilic or hydrophobic, smooth or rough, amorphous or crystalline (atomically structured), homogeneous or heterogeneous, natural or patterned, rigid or fluid-like. The quality of the surface greatly affects and can be a hindrance to molecular structuring. In the following we will consider how surface chemistry and roughness can alter the liquid confinement, the issue we face with.

The role of surface roughness in molecule ordering. If two surfaces are smooth at the molecular scale, the liquid molecules tend to organise into layers parallel to the surfaces, but there is no lateral ordering within the layers [START_REF] Israelachvili | Intermolecular and Surface Forces: With Applications to Colloid and Biological Systems[END_REF]. Solid surface structure can additionally promote the ordering, if the surface has a periodic lattice structure.

Then there will be some epitaxially induced ordering also within the layers. This means that there will be out-of-plane ordering additionally to in-plane ordering, the first referring to the existence of ordered layers, the second referring to the existence of ordering within the layers themselves. Nonetheless, this is an ideal case that never happens in real experimental conditions because no surface is perfectly smooth (flat at the atomic level), and the effects of atomic corrugations are very important when the atomic structure of the surface and the molecules have a comparable size. Thus CHAPTER 1. THEORETICAL CONSIDERATIONS ONCONFINEMENT EFFECTS IN LIQUIDS the oscillatory force, already mentioned, will depend on the structure of the surface lattices [START_REF] Jensen | [END_REF]. However, if the two surfaces are randomly rough the oscillatory force will be smoothed out or may disappear altogether and be replaced by a purely monotonic solvation force. The role of the surface roughness is well studied in [43][44][45]. In [43] the force measurements were carried out with the SFA involving mica surfaces coated with cetyltrimethylammonium bromide (CTAB) and dioctadecyldimethylammonium bromide (DOAB) immersed in octamethylcyclotetrasiloxane (OMCTS). These studies demonstrated how surface roughness influences on oscillatory solvation force, leading to a reduced range of oscillations and even a complete disappearing. In [44,45] the solvation force dependence on the surface roughness was investigated by Monte Carlo simulations. The same liquid (OMCTS) was placed in a split pore with rough walls. The theoretical calculations showed that the amplitude of the oscillatory force decreases generally with increasing roughness.

To summarize, for the existence of an oscillatory solvation force, the liquid molecules must be able to be correlated over a reasonably long range. This requires that both the liquid molecules and the surfaces possess a high degree of order or symmetry. A surface roughness of only a few angstroms is often sufficient to eliminate any oscillatory component of the force.

Influence of surface chemistry on molecular ordering

The existence of oscillatory forces do not require any specific condition on the liquid-solid interactions.

However, in case of strong attractive interactions between liquid molecules and solid surfaces (the case of wetting), the molecules close to the solid are more densely packed.

As a result, the higher density should increase the repulsive pressure between two confining boundaries, and therefore the oscillations in the force profile as in Fig. 1.1 (c) are shifted toward higher forces with an increasing effect for small distances between solid boundaries. This means that the surface chemistry is critical and control the interaction between liquid molecules and surfaces. If, in contrary, the interaction between liquid molecules is stronger than the interaction between liquid molecules and the solid (non-wetting), then the oscillatory force will be shifted toward negative (attractive) forces with a remaining exponential decay character. According, the surface chemistry should be taken into account while analyzing the molecular ordering and liquid structure near solid/liquid interface. A study, in which the influence of different substrates on the oscillatory forces has been presented in [46,47]. The experiments were performed with AFM. Drops of water were deposited on three different substrates of hydrophilic mica, glass and hydrophobic highly ordered pyrolytic graphite CHAPTER 1. THEORETICAL CONSIDERATIONS ONCONFINEMENT EFFECTS IN LIQUIDS (HOPG). The study showed that for HOPG the oscillatory force due to confinement is less explicit in comparison with mica and glass.

Properties of confined fluids

A liquid confined in a narrow gap departs by distinctive features from bulk liquid. The confinement of a liquid to few molecular layers can strongly modify the dynamical properties of the liquid, such as the shear viscosity, the diffusion of its constituents. It also affects many other macroscopic properties of the liquid, from capillary condensation to melting/freezing phase transitions. For example, in [START_REF] Granick | [END_REF]48],

the liquid was placed between two parallel solid substrates and then sheared (it needs less force to shear the liquid film than to squeeze it out). From such measurements the analysis of the effective viscosity of a variety of non-polar liquids of various sizes, shapes and flexibilities has been performed. It was shown that the effective viscosity of confined liquid is larger than in the bulk and grows with a decrease of the thickness and the relaxation is much slower than in bulk, >10 8 times slower than in the bulk.

In [49] by squeezing OMCTS to 6 molecular layers the effect of liquid-to-solid transition under confinement was discovered. The liquid film compression from 7 to 6 molecular layers all at once rendered the film solid enough to resist the lateral shearing motion. The ability of thin liquid films to sustain shear stress pointed out the authors to the fact that the liquid underwent liquid-to-solid transition, because a liquid by definition cannot sustain such a stress. This is a fundamental signature of a solid state.

Investigations of water by use of the AFM technique in [17] showed that the stiffness of water oscillates upon confinement with a period corresponding to the molecular spacing of water layers and becomes higher when the liquid film thickness decreases.

Under some experimental conditions, a damping reduction was observed while the stiffness was increasing. This observation means that when the liquid is ordered, the liquid has a strong elastic response but a weak dissipative response. In this regime the liquid behaves solid-like.

Experimental measurements of diffusivity, and thermal expansion coefficient of water and aqueous solutions confined in small pores were interpreted by molecular dynamics simulations (MD) [51]. It was demonstrated that the diffusivity of the liquid confined in 5 nm pores measured using pulsed field gradient NMR analysis is reduced by about a factor of 5 compared to bulk liquid. MD simulations show that the mobility is reduced by about an order of magnitude within 6 Å of the surface, but when averaged CHAPTER 1. THEORETICAL CONSIDERATIONS ONCONFINEMENT EFFECTS IN LIQUIDS over the 3 nm gap, the diffusivity is only about 30% lower than the bulk value. This

shows that the reduction in measured diffusivity is not simply a consequence of the low mobility near the pore wall, but results primarily from the tortuosity of the pores.

MD simulations also show that the layer of water within 6 Å of the pore wall has a high thermal expansion coefficient [51]. Using a simple volume average to take into account the influence of that layer, one can semiquantitatively account for the high values of thermal expansion observed in confined water and solutions.

Computational simulations and theoretical investigations have shed much light on the molecular details underlying both structural and dynamic behaviors in highly confined regime [52][53][54][55][56]. For example, in [28] by using conventional Metropolis Monte Carlo simulations they calculated the local, wave-number-dependent (k), high-frequency elastic properties of a Lennard-Jones fluid confined between two walls. Firstly, the bulk liquid was simulated, then the confined liquid in order to compare the results. It was found that local elastic properties correlate with the inhomogeneous fluid density and the strength of the wall-liquid interaction. Thus, position-dependent elastic constants

were calculated whose values decay to their corresponding bulk values as one probes regions far from the walls.

Computer simulations are very useful in the interpretation of experimental results measured by different techniques. Still, information on confined liquid properties remains incomplete. This is connected to the fact that the investigations of confined liquids properties are more troublesome, involving and requiring strenuous effort, difficult and tiring. Still it maintains a great interest to this phenomenon. Once the research panel will manage to gather more data, the huge possibility in the development of future applications in biology and medicine, such as the design of intelligent artificial implants, and nanotechnology (micro-electronic, micro-mechanical devices) will be opened.

One of the liquid studied during this work is a liquid crystal (LC), that is why in the following section, various aspects will be considered to spell out the increasing interest to LC. The additional information on LC can be found in Appendix A. triguing both for fundamental research and for applications, because although they combine the properties of a solid and of an isotropic liquid, they exhibit very specific electrooptical phenomena, which have no corresponding analogues in solids or in isotropic liquids [START_REF] De Gennes | The Physics of Liquid Crystals[END_REF][START_REF] Yang | Fundamentals of Liquid Crystal Devices[END_REF]. The occurrence of translational symmetry and orientational order has been extensively studied in confined geometry.

Investigation of liquid crystal confinement

The first investigations of confined LC dates back to the early 1990s when the interest in the macroscopic properties of bulk LC was still in its inception [START_REF] Lehmann | Flüssige Kristalle und ihr scheinbares Leben[END_REF]. From those years a lot of work have been done to give some answers [60][61][62][63][64][65][66]. Confined LC samples are systems in which the confining boundaries strongly influence both the static and the dynamic properties of the liquid crystal. Depending on the type and the shape of the surface, the order in a liquid crystal can be either enhanced or reduced, liquid crystal molecules can be in average oriented in one direction or otherwise manipulated. Confinement geometries usually include thin planar slabs (two solid flat surfaces), cylindrical pores, liquid crystalline droplets or random structures in porous glasses and silica aerogels [START_REF] Vilfan | Chapter Dynamical Processes in Confined Liquid Crystals in[END_REF]. Here the discussion is mainly about LC between two flat plates, the simplest one but not least useful. Such studies on nematic LCs are important both from fundamental and technological point of view. For example, nematic liquid crystals are sandwiched between two parallel glass plates for display (LCD) applications. Relaxation dynamics in systems where the LC is confined only in one direction, has been extensively studied both theoretically and experimentally [START_REF] Vilfan | Chapter Dynamical Processes in Confined Liquid Crystals in[END_REF][START_REF] Stallinga | [END_REF][69]. This has mostly been used to study interactions of LC with boundaries and aligning layers. And it was demonstrated that dynamic light scattering experiments on planar thin samples can be used to determine the anchoring coefficients of a liquid crystal on a given substrate. Therefore the measurement of their relaxation rates by dynamic light scattering can be used to obtain the information on the interaction of LC with confining surfaces. In [65] LC structures confined in different geometries exhibit changes in their exceptional physical properties such as a shift of the phase transition temperature, formation of pseudo-layer structures and an increase of the viscosity as evidenced by the various analytical techniques. Confinement shifts the chemical potential for the nematic-isotropic transition in a quantity δµ with respect to the bulk value [66].

The investigations [70][71][72][73][74] have laid the groundwork for understanding the structure and dynamics for sheared 8 CB (the LC we have been working on) under confinement. Using a high-resolution x-ray scattering spectrometer they have studied the microscopic structure of the nematic and Sm A phases in 4-cyano-4'-octylbiphenyl ( 8 CB) under non-equilibrium steady-state shear flow conditions. It was shown that EFFECTS IN LIQUIDS the flow-induced fluctuation forces on the nematic director lead to a rich sequence of regimes where the orientational phase space traversed by director n evolves as the N -SmA transition approaches [70]. With X-Ray SFA they demonstrated that the LC can take one of three possible orientations [72]. In one, n aligns with the direction of the shear flow, in two others it is perpendicular.

This suggests that the confinement alters the properties and the behavior of confined crystals which for instance should be investigated thoroughly and substantially.

Brief overview of state of the art

Regardless the increasing interest to interfacial and confined liquids at nanoscale, there is no full understanding of fundamental physics. Despite of a sufficient number of experimental tools and techniques, a complete picture of the physical properties and dynamic response of these nanoscale quasi-periodic structures (nanostructures) present near liquid/solid interfaces has never been resolved till now. Fig. 1.3 presents a set of non-destructive techniques that reveal information about crystal structure, the size distribution profile of small particles/molecules, chemical composition. These technique are appropriate for investigation of molecular ordering as well. However, all these techniques are limited in size of investigated particules/molecules and temporal resolution. The advantages of some of them for molecular ordering we consider below. The main extracted information from the techniques such as scanning probe microscopy [14], surface forces apparatus [22], diffraction techniques [START_REF] Jensen | [END_REF], nonlinear optical spectroscopy [START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF][START_REF] Centrone | Proc. Natl. Acad. Sci. USA[END_REF], and infrared and THz spectroscopy [START_REF] Fukuma | [END_REF], limited to their quasi-static properties or dynamics of liquids under inhomogeneous confinement, concerns the fact that the interfacial liquids are less mobile and usually highly structured.

Nonetheless, molecular-level picture of the intermolecular forces in the hydration structure is still lacking. In the following, some more detailed information will be given to present and describe the methods that are already used for the diagnostics of liquid structuring near solid/liquid interfaces.

Surface forces apparatus (SFA) and atomic force microscopy (AFM) are wellestablished approaches to measure distances, normal or friction forces between interacting surfaces across the liquid media [START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF]17]. These techniques have contributed the most in the development of modern surface science. These approaches are based on measuring the interaction force between two surfaces (or between a surface and an AFM tip) as a function of distance, with a high precision distance control. In case of SFA experiment, the fluid is placed between two surfaces, both flat-curved and CHAPTER 1. THEORETICAL CONSIDERATIONS ONCONFINEMENT EFFECTS IN LIQUIDS curved-curved configurations are possible. Quasi-static elastic and inelastic properties of liquids near the interfaces may be measured and one can obtain the information of electrostatic forces, Van der Waals forces, and also solvation (hydration) forces as a function of the thickness of confined liquids. In case of AFM, the liquid is compressed between the solid substrate and spherical AFM tip which induces the residual inhomogeneous stresses in the liquid. Since both methods use curved surfaces or tips to confine the liquid molecules at the nanometer scale, these invasive methods were relevant only for the study of inhomogeneously confined liquids.

An other technique widely used for the investigation of interfacial liquids is sumfrequency vibrational spectroscopy (SFVS) [77]. It is a nonlinear laser spectroscopy method that is applied to deduce the composition, orientation distribution, and some structural information of molecules at gas-solid, gas-liquid and liquid-solid interfaces.

The application of this method for the investigation of interfacial liquids is possible due to specially designed laser wavelengths that make the energy of output SFVS photons close to the vibration energy of the intramolecular vibrations. In this way, this noninvasive tool provides information about intramolecular vibrations. However, this technique cannot be adopted for the substrates with second-order optical nonlinearity, such as metals, and many semiconductors, and it also lacks the information on the interactions between the layers of the interfacial or nanoconfined liquids.

Inelastic neutron scattering [32], nuclear magnetic resonance, and THz spectroscopy [START_REF] Fukuma | [END_REF] are used to explore high-frequency dynamics of liquid molecules. However, those techniques are insensitive to the local features of interfacial liquids in the sense that they are not sensitive enough to reveal the liquid properties from interfacial to bulk in case of a microscopic liquid solid boundary. They can be utilized to study structured liquids only when all liquid molecules are confined between solid surfaces, such as adsorbed water in nanoporous media. These nanoconfined water is known to exhibit low diffusivity and mobility, and the collective dynamics of hydrogenbond networks is strongly affected by the shape and composition of the surrounding materials.

Methods such as ultrafast electron crystallography [78], x-ray diffraction [13],

and low energy electron diffraction (LEED) [79] provide transient and static information on the structure of the ordered materials. However these methods do not give the information on intermolecular interaction forces of liquid and the dynamics of intermolecular motion in the GHz frequency band. And as a disadvantage, they should be operated under vacuum condition, and at cryogenic temperatures for the study of interfacial liquids, except for x-ray diffraction.

Scanning tunneling microscopy (STM) has the capability to visualise the hopping of liquid molecules between the sites of the substrate atoms and also the aggregation of liquid clusters on solid surfaces. However, it can be used only for sub-monolayer water under vacuum conditions [80].

Of course molecular dynamic simulations is a robust and useful technique in this research area. The simulations may predict the liquid density layering due to nanoconfinement, but only between plane surfaces. There is much less information on the theoretically predicted forces in nanoconfined liquids [20,30,53,[81][82][83] The non-invasive contactless laser ultrasonic technique which employes ultrafast lasers for the excitation and detection of ultrasound in the GHz-THz frequency range could bridge the frequency gap between UV Brillouin scattering and X-ray or neutron scattering and could shed light on the problem of interfacial liquids. The present work is dedicated to the application of the picosecond laser ultrasonics technique for the investigation of ultrathin liquids. To our knowledge, there is only one single reference in the literature where researchers have employed the picosecond laser ultrasonic technique for the investigation of thin liquid layers [84] and a few references of our own in case of bulk liquids [85,86]. The work that has been achieved during this PhD is devoted to the implementation of the picosecond laser ultrasonic technique employed in [87] for the study of the GHz ultrasonic transmission through ultrathin liquids. The principle of the method is described in Chapter 2.

Conclusion

Confined liquids are neither like bulk liquids nor like bulk crystalline solids.

They appear to be an intermediate kind of matter whose finite size and surface-fluid interactions impart unique structural, thermodynamic, and dynamic properties which are different from bulk. Their inherently heterogeneous character and sluggish relaxation times are reminiscent of super-cooled liquids. The microfluidic and nanofluidic systems are very important from technological points of view. Understanding characteristics such as confinement induced layering (solidification), phase transition and lubrication is of primary importance to many applications of liquids, from energy devices to nanoparticle dispersion.

Chapter 2

Experimental and instrumental developments

As pointed out in the previous chapter, there exist a large number of techniques that can be applied to study the structure and mechanical properties of liquids at interfaces with solids, including scanning probe microscopy, surface force apparatus, diffraction techniques, nonlinear optical spectroscopy, infrared and THz spectroscopy, sum-frequency vibrational spectroscopy, scanning tunneling microscopy, atomic-force microscopy, neutron-scattering and X-ray diffraction. All these methods play significant roles in the development of modern science but they are limited in different ways for the study of structured liquids near interfaces with solids. Picosecond laser ultrasonics [88][89][90] could be an alternative experimental method providing new information on the liquid structuring at the nanoscale. Ultrafast lasers have been used

for the excitation and detection of acoustic waves since the early sixties [91]. It was only in the 80 th , after the advent of Titane:Sapphire lasers, that the interest of using subpicosecond laser pulses to excite picosecond acoustic waves (and the picosecond laser ultrasounics, also known as pump-probe technique) has quickly emerged.

This chapter is devoted to introduce the experimental technique that has been used for the investigation of ultrathin liquids. We focus on the description of the generation and detection processes of longitudinal acoustic waves. Herein will be described the developed experimental setup dedicated to the study of liquids, with a close view on the main experimental elements. Particular attention will be paid to the sample cell design and assembling. Some trial alternative setups, which have been used during this work, are presented in the Appendix B.

CHAPTER 2. EXPERIMENTAL AND INSTRUMENTAL DEVELOPMENTS

Picosecond laser ultrasonics

Picosecond laser ultrasonics refers to the study of materials using high frequency acoustic pulses generated and detected by ultrashort optical pulses. The generation process is schematically shown in Fig. 2.1 [88]. When an ultrashort optical pulse, known as a pump pulse, is focused on a free solid surface, part of the optical energy is absorbed and converted into heat. This heat results in a lattice temperature rise that leads to a thermal stress. The exact depth for the stress generation depends on the material involved and the optical pump wavelength. In metals and semiconductors, for example, ultrashort-timescale thermal and carrier diffusion tends to increase the depth that is initially heated within the first 1 ps. The thermal stress launches an elastic strain pulse propagating in three dimensions. In this work, we will consider only the acoustic propagation normal to the surface (plane longitudinal acoustic waves) because in this direction in an isotropic solid the frequency of such acoustic pulses is the highest and the wavelength smallest. The use of both shear and longitudinal pulses would be advantageous for measuring elastic constants or sound velocities. However, since shear waves excitation requires complex samples such as elastically anisotropic solids cut at oblique angles to the crystal axes [92][93][94], we will only consider longitudinal acoustic phonons in the following. Right after laser excitation within the optical penetration depth of the thin film, for instance a metallic film, the strain pulse propagates towards the interface between the metal film and the substrate. Then it is partially reflected back to the metallic transducer film and partially transmitted into the substrate.

Strain pulses returning to the free surface from the buried interface are detected as a series of echoes (Fig. 2.1(a)) by the second delayed optical pulse, known as the probe pulse. For example, strain pulses propagating back and forth through a thin film produce a decaying series of echoes, from which one may derive, in particular, the film thickness, the ultrasonic speed, attenuation or dispersion [95,96]. Assuming that the substrate is optically transparent, the transmitted strain into the substrate can be detected by the delayed probe pulse through time-domain Brillouin scattering [97,98] (detailed hereinafter) from the substrate side (Fig. 2.1(b)). Such detection can give information about the ultrasonic attenuation and speed of sound of the substrate material [99][100][101].

Thermo-elastic generation of strain and stress

Ultrasound generation by laser-matter interaction depends on several physical parameters linked to the optically excited medium. A pump pulse, focused on the When a pump pulse is incident on a metal surface, part of the optical energy is absorbed and converted into the heat which results in a lattice temperature rise leading to a thermal stress that launches a strain pulse. The strain pulse arriving at the interface between the thin metal film and the substrate is partially reflected back to the transducer film and partially transmitted into the substrate. The strain pulses returning to the surface from the interface are detected as a series of echoes by the delayed probe pulse(a). The strain pulses propagating through the optically transparent substrate can be detected via time-domain Brillouin scattering by the delayed probe pulse(b).

free solid surface, deposits energy on the optical penetration depth. The electronic kinetic energy of the solid system is increased by photon absorption, which affects the phonon bath. The excess energy causes an increase in amplitude of the vibration of the molecules or atoms, which leads to a shift from the equilibrium position. Collective displacement of excited molecules or atoms lead to changes of the volume of the solid.

The propagation component of such collective displacement is an acoustic pulse and the driving mechanism of such generation is called thermal expansion. In the following we describe the theory for the strain generation process. For simplicity we assume a problem in which no acoustic diffraction effects occur, and we neglect the effect of electron or thermal diffusion processes [102][103][104].
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The thermal expansion tensor α ij of a solid is given by [105]

η ij = α ij ∆T (2.1)
where η ij is the strain tensor, ∆T is a change in temperature compared to the temperature before laser irradiation, ∆T = 0 for t < 0 and ∆T = ∆T (ij) is independent of time for t > 0 (in absence of thermal diffusion). The relation between the stress tensor σ ij and the strain η ij in the presence of a thermal stress σ ′ ij is defined by [106]

σ ij = C ijkl η kl + σ ′ ij (2.2)
where C ijkl is the elastic constant tensor. For isotropic solids, C ijkl η kl = 2µη ij + λη kk δ ij (δ ij = 1 when i = j and δ ij = 0 contrarily), where µ and λ are elastic constants (Lamé constants), and α ij = αδij, where α is the coefficient of linear thermal expansion. Therefore,

σ ′ ij = -(2µ + 3λ)αδ ij ∆T (2.3) otherwise, σ ′ ij = -3Bαδ ij ∆T (2.4) 
with (2µ + 3λ) = B, B being the bulk modulus. The generated thermal stress is hydrostatic and negative for positive α and ∆T .

A. Strain propagation in single layer structure

Let us consider the experimental situation shown in Fig. 2.2(a) of a thin film of thickness d deposited on a semi-infinite substrate. We assume that the area heated by the laser pulse is very large relatively to the film thickness, so that ∆T , σ and η only depend on the distance from the surface. In such case of one-dimensional problem, ∆T = ∆T (z, t) is a function of depth z and time only, where z = 0 corresponds to the sample surface and +z is directed into the material. The non-zero tensor component is only η zz . Hence,

σ zz = (2µ + λ)η zz -3Bα∆T (z) = ρ 0 c 2 l η zz -3Bα∆T (z) (2.5)
with c l the longitudinal sound velocity and ρ 0 the material density. The dynamic process of longitudinal strain propagation in a laser-excited metallic film can be examined by solving the equation of elasticity

ρ 0 ∂ 2 u z ∂t 2 = ∂σ zz ∂z . (2.6)
For an ultrashort optical pulse, the laser absorption at the surface of a homogeneous isotropic solid decays exponentially following the profile of laser intensity in skin layer, as for the temperature spatial profile ∆T (z) since we neglect thermal diffusion which happens at longer timescales. The amplitude can be expressed for two cases, t < 0, ∆T (z, t) = 0 and for t > 0,

∆T (z, t) = (1 -R)Q ACζ 0 e -z ζ 0 ≡ T 0 e -z ζ 0 (2.7)
where R is the optical reflectivity of the film, Q is the deposited energy by the optical pulse, A is the area over which the energy Q is distributed, C is the specific heat capacity, ζ 0 is the optical absorption depth of the laser pulse light and T 0 denotes the temperature rise at the free surface. Since a restoring force cannot exist at the free surface, the boundary condition restricts any stress perpendicular to the surface at the surface itself. Thus, σ zz = 0 at z = 0, which means from (2.5) and (2.7) that the strain at the free surface and at t > 0 follows,

η 0 = 3Bα ρ 0 c 2 l T 0 . (2.8)
Taking into account the following relationship [88],

3B = ρ 0 c 2 l 1 + ν 1 -ν , (2.9) 
where ν is the Poisson's ratio, the strain at the free surface in Eq. (2.8) can be expressed in the form,

η 0 = 1 + ν 1 -ν αT 0 . (2.10)
From Eq. (2.5) and (2.6), we can obtain .11) The solution of Eq. (2.11) for z > 0, which is not straightforward [88], is given by

∂ 2 u z ∂t 2 = c 2 l ∂ 2 u z ∂z 2 + c 2 l η 0 ζ 0 e -z ζ 0 . ( 2 
η zz = η 0 e -z ζ 0 - η 0 2 (e --z+c l t ζ 0 + e -|z-c l t| ζ 0 sgn(z -c l t) .
(2.12)

The simulation of the strain propagation following Eq. (2.12) is shown in Fig. 2.2 (b).

The strain consists of a constant first term and the propagating second term. The propagating component is bipolar because the reflection coefficient for the strain at the surface is -1. The region near z = 0 has a time-independent strain due to thermal expansion. The second part of the strain is a pulse which propagates away from the free surface at the speed of longitudinal sound c l . It consists of two decaying exponentials stitched together with opposite signs. The time it takes for the strain to reach a significant strength is ∼ ζ 0 /c l , the sound propagation time across ζ 0 . The inverse of this time is related to the frequency bandwidth of the excited ultrasonic pulse. After propagation across the thin metal film the strain will be reflected at the interface with the substrate (not included).

In case of a thin metal film, the launched strain pulses propagate back and forth through the transducer film of thickness d, make several round trips, and are partially transmitted into the substrate each time they arrive at the interface. The amplitude of the multiple reflected and transmitted waves incident normally at the interface between the transducer film and the substrate can be calculated from the coefficients of acoustic reflection and transmission at the interfaces. These coefficients are obtained by assuming that the displacements and the stresses must be equal at the interfaces. Thus, for z = d, it is required that

u i + u r = u t and σ i + σ r = σ t (2.13)
where i, r and t correspond to incident, reflected and transmitted waves. After some calculation, the reflection R σ and transmission T σ coefficients of the stress (pressure) can be expressed and take the well known form,

R σ = σ r σ i = Z 2 -Z 1 Z 1 + Z 2 (2.14)
and .15) where Z 1 and Z 2 correspond to the acoustic impedances, that are linked to the density and speed of sound of the materials through Z 1,2 = ρ 1,2 c 1,2 . We recall that (1) denotes the thin transducer film and (2) the semi-infinite substrate. In general, since the detection process involves the acoustic strains rather than the acoustic stresses, it is preferred to express the reflection R η and transmission T η coefficients of the strains which can be deduced from Eq. (2.14) and Eq. (2.15) as following, 

T σ = σ t σ i = 2Z 2 Z 1 + Z 2 , ( 2 
R η = η r η i = σ r σ i = Z 2 -Z 1 Z 1 + Z 2 = R σ (2.
T η = η t η i = σ t /C t σ i /C i = T σ C i C t = 2Z 2 Z 1 + Z 2 Z 1 c 1 Z 2 c 2 = 2Z 1 Z 1 + Z 2 ( c 1 c 2 ), (2.17) 
where C i and C t are the longitudinal elastic coefficients of the transducer film (1) and of the substrate (2), respectively. These coefficients follow the relationship C i,t = ρ 1,2 c 2 1,2 . While the reflection coefficients R σ and R η of the acoustic strain or acoustic stress are strictly identical, it is not the case for the transmission coefficients T σ and T η that are not equal at all. In fact following Eq. (2.17), in case of the transmission from a solid to a soft medium such as a liquid medium, the transmission coefficient T η can even be greater than 1.

The schematic shape of the transmitted acoustic pulse into a substrate is presented in Fig. 2.2(c). It corresponds to an hypothetic situation where the whole film of thickness d would be homogeneously laser excited in depth. Successive strain pulses are transmitted into the substrate with different amplitudes determined by the transmission and reflection coefficients of the strain expressed in Eq. (2.17). At the free surface (the interface transducer film/ air), the acoustic pulse is completely reflected with a sign change which transforms the incoming compressive strain into a tensile strain. The amplitude η 0 of the strain front transmitted into the substrate is

η ′ 0 = 1 + ν 1 -ν αT 0 2Z 1 Z 1 + Z 2 c 1 c 2 = η 0 2Z 1 Z 1 + Z 2 c 1 c 2 .
(2.18)

The time duration of the acoustic waves being an invariant in the propagation, the characteristic spatial extension of the strain modulation

d ′ = d(c 2 /c 1 ) is different from
that in the transducer of thickness d because of the change in speed of sound during the transmission from the transducer to the substrate. Therefore, when the strain is transmitted from one to another medium with different acoustic speeds, it experiences a change in its spatial distribution to keep its temporal duration. For instance, the transmission from a solid to a soft material for which c 1 > c 2 impedes an increase in the spatial extension of the acoustic strain. Additionally, in order to comply with the acoustic conservation law of the "surface", when the spatial distribution of the strain broadens, then the strain amplitude tends to decrease. Vice versa, when the strain spatial distribution becomes narrower, it is followed by a decrease in the strain amplitude.

B. Strain propagation in a multilayer system

The strain propagation in case of single layer structure is a quite simple process.

In case of a multilayer system with several interfaces, the analytical strain propagation expression is more complicated. In this case, the multiple reflections and transmissions have to be taken into account. Let us consider the multilayer system depicted in Fig. 2.3(a). At zero time delay (t = 0) between the pump and probe pulses, the stress is laser generated by the pump pulse in medium 1 (this region is indicated in red).

Subsequently, this strain is divided into two parts. At later time instants t 1 = 0, half of it propagates in the +z direction and gets partially transmitted in medium 2 and partially reflected back to medium 1, the second half remains in medium 1 and propagates in the opposite direction (along -z direction), see Fig. 2.3 (b). The strain which is transmitted into medium 2 propagates at later times t 2 > t 1 across medium 2 and further transmitted in medium 3 in a time t 3 that corresponds to the acoustic time of flight through medium 2. Technically, in the experimental situation that we have investigated further that will be described in the next chapters, the probe light detects the acoustic strain once it gets transmitted into medium 3. Therefore we are mainly concerned about the strain transmission from medium 1 to medium 3 and the good acoustic matching of the overall acoustic transmission of the strain through the three medium. Hence, the total strain transmission may be obtained from (2.17) and extended as

T η,total = 4Z 1 Z 2 (Z 1 + Z 2 )(Z 2 + Z 3 ) c 1 c 3 (2.19)
In order to quantify the strain propagation and transmission though a practical sample structure, let us take a multilayer structure analogous to the multilayer structure used in our experiments and presented in Fig. 2.3 (a). The structure is composed of Silicon as medium 0, Chromium as an optical transducer medium 1, glycerol as a liquid medium 2 and SiO 2 as a detection substrate medium 3 (the parameters of each medium are detailed in annexe). At first (at initial time t = 0), the strain of arbitrary amplitude of unity and arbitrary duration of 10 ps is laser generated in the Cr film. From the speed of sound in chromium of 5940 m/s, the spatial distribution and modulation of such arbitrary strain is 59.4 nm, as depicted in Fig. 2.3 (c). Half of this strain is directly transmitted into the adjacent glycerol film (t = 0) and shrinks to 28 nm because of the twofold decrease in the speed of sound, then it gets transmitted into the SiO 2 detection substrate and comes back to approximately its initial spatial distribution 59.4 nm. Note that the fact that the spatial distribution shrinks in the liquid means that the acoustic wavelength decreases in the liquid, which means that the ultrasounds get higher spatial sensitivity inside the liquid itself than inside the surrounding solid materials. According to Eq. (2.19) the transmitted strain front undergoes small losses during the transmission from the Chromium film up to the SiO 2 substrate through the liquid film. We calculate T η,total = 0.79, that means Initially the optical pump pulse is absorbed in the metallic film, launching a stress that is split into two parts, one part η + propagates in the +z direction, the other one η -in the -z direction. At some time (t > 0 ps), η + is transmitted directly into medium 2 with small losses at interface 1-2 because of the acoustic reflection. The overall strain detected in medium 3 (at time moment t > t 3 ) is the superposition of the fastest strain front of maximum amplitude followed by a small part of the strain that was reflected at the interface 1-0 and transmitted to medium 2 and medium 3. (c) Schematic view of the spatial acoustic strain profile in the different media Si, Cr, Glycerol and SiO 2 analogous to the multilayer structure used in our experiments described in the next chapters. By passing from one medium to another with different speeds of sound and acoustic impedances, the strain undergoes spatial modifications of its shape in order to maintain its temporal duration.

that 79 % of the generated strain in Cr gets transmitted through the two interfaces between these materials. In fact, the final total strain propagating in the SiO 2 substrate is composed of the strain directly transmitted from Cr to glycerol and SiO 2 , and a small part of the strain initially propagating in the -z direction and reflected at the interface between Silicon and Chromium and then transmitted to glycerol and SiO 2 .

The contribution of such reflected strain on the final total strain propagating in the SiO 2 substrate can play an important role in case of acoustic impedances mismatch between the Cr transducer film and the Si substrate and should perhaps be taken into account as well. The amplitude of this reflected strain in case of our selection of materials is only ∼ 35% (we calculate R η,1-0 = 0.35) of the main strain that should not alter the overall strain detection by the probe pulse in the SiO 2 substrate.

No acoustic attenuation effect was taken into account in our simple modeling, which means that the true reflected strain contribution is smaller in reality. Note that, as expected, the shrinking of the spatial distribution in glycerol induces an increase of the acoustic strain amplitude in glycerol, as depicted in Fig. 2.

(b) and (c).

The influence of the transducer film thickness and in particular the influence of the above mentioned reflected strain for our optical measurements can be seen in Fig. Accordingly, by knowing the Brillouin period of the detected acoustic waves, we can beforehand optimize the experimental multilayer system to achieve maximum detected Brillouin amplitude. From our calculations, we get 1/f = 24 ps and τ 100 nm = 33 ps, τ 60 nm = 20 ps, τ 50 nm = 16.5 ps, τ 40 nm = 13.5 ps, τ 30 nm = 10 ps. We can conclude that among the presented thicknesses, the 60 mn and the 100 nm Cr films are the most efficient. At the same time, we are concerned not only about the strain generation efficiency but also about the surface quality that deteriorates with film thickness growth.

Detection of acoustic waves after propagation through a liquid film

In the following we will investigate meticulously the Brillouin scattering detection of strain pulses in the situation of a multilayer system such as the one presented in Fig. 2.3. This multilayer structure is relevant to our experimental scheme where a thin liquid film of interest is confined between two solid boundaries. This system The Brillouin scattering oscillations can be described by the functional form

△R = A 0 exp(-Γt) cos (2πf t + φ) (2.20)
where A 0 is the amplitude at zero time delay between pump and probe pulses, Γ is the attenuation rate and φ is an arbitrary phase.

The phonon frequency

f BS = 2n(λ)c l λ cos θ (2.21)
is usually named the Brillouin frequency. Where θ is the back-scattering angle. A measurement of this frequency can give the sound velocity when the refractive index n(λ) at the probe wavelength of the material is known. This type of measurements in an optically transparent medium is sensitive to the acoustic attenuation Γ(f ), that is related to the full width at half maximum (FWHM) △f /2 of the Brillouin peak in a B. Theory for the optical detection of acoustic waves conforming our experimental scheme

Let us consider the multilayer system presented in Fig. 2.6 to analytically describe the optical detection of acoustic waves for the sample configuration used in our experiments. We recall that the acoustic waves are experimentally detected in the detection substrate after propagation through the liquid of thickness d. We will demonstrate that, even if the Brillouin scattering detection process takes place in the detection substrate, the optical time-domain Brillouin scattering signal gather crucial information on the acoustic properties of the liquid layer.

The electric field of an incoming optical pulse E in at some position z at time t, can be written, assuming the probe pulse is at normal incidence to the plane of the acoustic waves, as

E in = E 0 (z, t) exp(i[ωt + k 2 z + (k 1 -k 2 )d]) z ≥ d (2.24)
where E 0 (z, t) is the electric field envelope function, k 1 and k 2 are the wave vectors in the liquid and in the detection substrate, respectively, and ω is the angular frequency.

We will further consider E 0 as a constant and the phase of the electric field is arbitrarily chosen so that the electric field of femtosecond optical probe arrives at the metal surface at t = 0. The complete electric field of the outgoing probe pulse E out is the superposition of all electric fields reflected at the transducer-liquid and liquid-substrate interfaces (E out,i at the sketch), it follows [86]: Here r is the overall reflection coefficient whose expression is similar to the Fabry-Perot cavity, with r 21 , r 12 , r 10 the Fresnel reflection coefficients from the substrate-liquid, liquid-substrate and liquid-transducer interfaces, t 21 , t 12 are the Fresnel transmission coefficients through the substrate-liquid and liquid-substrate interfaces, correspondingly, and φ the optical phase shift.

E out = rE 0 exp(i[ωt -k 2 z + (k 1 + k 2 )d]) z ≥ d (2.
The general electromagnetic wave equation for the electric field can be written in the form, The liquid is confined between two solid media, the transducer film coated on the substrate on one side and the transparent detection substrate on the other side. The probe pulse is considered being at normal incidence to the sample surface or the plane of the acoustic waves. The acoustic wavepacket is generated by a pump pulse at the transducer film, then propagates in the +z direction across the liquid film and after transmission to the detection substrate, it is detected by time-domain Brillouin scattering. δ ac denotes the acoustic wave that propagates away from the transducer -liquid interface. E in is the incoming electric field of the probe pulse and E + B is a small portion of the backscattered E in . E B,1 , E B,2 represent backscattered portions of the electric field reflected by the transducer film E out,1 . Some portion of the reflected electric field E out,1 makes few round-trips in the liquid film before being transmitted to the detection substrate. All these electric fields superimpose and interfere with each other and produce a Brillouin scattering interferometric signal.

∆ - → E - - → ▽( - → ▽ - → E ) + ω c 2 (ǫ + ∆ǫ(z, t)) - → E = - → 0 , ( 2 
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and therefore the photoelastic interaction can be considered as quasistatic, we have taken the hypothesis that the time derivative of the photoelastic interaction can be neglected. Because of the weak nature of the photoelastic interaction, it is sufficient to only include first-order terms in the solution of Eq. (2.27) since higher orders corresponding to light scattered multiple times by the acoustic wave can be neglected.

Under these assumptions, the first-order solution for the backscattered probe light from the photoelastic interaction can be written in the form [86],

E + B = E 0 exp(i[ωt -k 2 z + (k 1 + k 2 )d]) z d -i k 2 ∆ǫ(z ′ , t) 2n 2 e i2k2(z ′ -d) dz ′ .
(2.28)

A good approximation based on the fact that the acoustic wavepacket extension is small compared to the probe optical wavelength is that the acoustic wave is a delta function in space, localized at the coordinate z = z ac at time t. The solution for a longitudinal acoustic wave is

E + B = r B E 0 exp(i[ωt -k 2 z + (k 1 + k 2 )d + 2k 2 (z ac -d)]) z ≥ z ac (2.29) with r B = 1 2 in 2 k 2 p 12 η 0 33 = |r B | e iψ (2.30) 
where r B E 0 is the amplitude of scattered electric field, n is the index of refraction, p 12

is the photoelastic coefficient of the substrate linked to the longitudinal strain η 0 33 (z, t) and ψ is the phase of the complex number r B . A more general solution would require to integrate over the spatial coordinate z, however, the simplified solution (2.28) is accurate and relevant. Similarly, the scattered electric field E - B coming up from the scattering of the probe light reflected by the cavity E out is given by,

E - B = r 2 r B E 0 exp(i[ωt -k 2 z + (k 1 + k 2 )d -2k 2 (z ac -d)]) z ≥ z ac (2.31)
The overall intensity measured by the photodiode involves the scattered electric fields E + B , E - B and the outgoing electric field of the reflected unscattered probe light E out ,

I = E - B + E - B + E out 2 = I 0 (|r| 2 2 |r| (1 + |r| 2 ) |r B | cos (2k 2 (z ac -d) -φ) cos ψ +2 |r| (1 -|r| 2 ) |r B | sin (2k 2 (z ac -d) -φ) sin ψ)) (2.32)
In case of a transparent medium, n and p 12 are real numbers that means that r B is CHAPTER 2. EXPERIMENTAL AND INSTRUMENTAL DEVELOPMENTS purely imaginary with ψ = ±π/2 in Eq. (2.30)). Finally, the intensity change follows,

∆I = ±2I 0 √ R(1 -R) |r B | sin (2k 2 (z ac -d) -φ) (2.33)
Taking into account that the acoustic wave propagates at the speed of sound c l,i ( i=1 or 2 corresponds to the liquid or the substrate), the position z ac changes depending on the pump -probe delay time t, the position of the acoustic wave will change as d + c 2 (t -d/c 1 ) and Eq. (2.33) becomes

∆I(t) = ±2I 0 √ R(1 -R) |r B | sin (2πν 2,B t -φ B ) (2.34) = I ac (ν 2,B ) sin (2πν 2,B t -φ B )
where ν 2,B determines the Brillouin modulation frequency, φ B = φ 1 + φ determines the Brillouin phase shift of the signal at ν 2,B , φ 1 is the acoustic phase shift and φ is the optical phase shift and I ac (ν 2,B ) is the Brillouin scattering amplitude.

The optical phase shift can be determined as

φ ∼ -2k 1 d (2.35)
which implies the optical phase shift is primarily due to the travel time of the optical probe with wave vector k 1 through the liquid of thickness d. Since the Brillouin frequency in the liquid follows 2πν 1,B = 2k 1 c 1 , the optical phase shift can be written as

φ ∼ -2k 1 d = -2πν 1,B d/c 1 . (2.36)
Finally, the overall phase shift of the signal at the frequency ν 2,B measured by the photodiode is given by

φ B = φ 1 + φ = 2π(ν 2,B -ν 1,B )d/c 1 (2.37)
Thus, the measurements of the phase shift φ B is connected to the speed of sound c 1 of the liquid and the liquid thickness d.

The signal level I ac (ν 2,B ) is proportional to the amplitude of the acoustic wave which decreases exponentially with the liquid thickness. Therefore, the Fourier amplitude of the measured signal from the detection substrate at the frequency ν 2,B , 

I ac (ν 2,B ) = 2I 0 √ R(1 -R) |r B | ∝ 2I 0 √ R(1 -R)e -α1d (2.
I ac (ν 2,B ) ∝ 2I 0 √ R(1 -R)e -α1d .
(2.39)

However, the impact of the optical cavity effect can be reduced by decreasing the quality factor of the Fabry-Perot cavity, if possible, or by normalizing all recorded signals at different liquid thicknesses by the electronic signal component that appears only at t = 0 due to optically excited hot electrons in the transducer film. The amplitude of this electronic component, given by δ e (t) × E 0 (δ e (t) ≪ 1, is also heterodyned with the field reflected from the transducer film in the absence of photoexcitation, giving a signal intensity .40) This signal, which has vanished before the acoustic signal arrives, provides a normalization standard for the amplitude of the acoustic signal recorded at each liquid layer thickness and can be used to decrease the influence of the optical cavity effect in the measured Brillouin intensity.

I e (t) = 2I 0 √ Rδ e (t). ( 2 

Details of the experimental pump-probe set-up

This chapter introduces the details of the experimental setup used in this work.

As it was mentioned already, picosecond laser ultrasonics technique uses an ultrashort laser system that allows the study of ultrafast processes in materials. The experimental system should perform three main functions: the laser generation of acoustic waves, the efficient laser detection of the reflected light from the acoustic waves and the data acquisition of the optical signals. During my doctoral work, I built a system that permits the successful implementation of all these tasks. A schematic containing the essential features of our pump-probe system is shown in Fig. 2.7. This system was Figure 2.7. Time resolved pump-probe experimental setup. The output of the femtosecond laser system is split into two parts, a pump beam (790 nm) which is used for the generation of acoustic waves and a probe beam (395 nm) that is used for the detection of the acoustic waves propagating in the material. The propagation can be monitored at different time delays by a computer-controlled delay line which enables to delay the pump pulse from the probe pulse with a maximum delay of 2 ns. All the crucial elements of the setup are described in text.

constructed for single side pump -probe measurements, but it is easily changeable for two sides experiments. In the following sections all the experimental issues connected to the generation and detection of picosecond acoustics in ultrathin liquids through the measurement of the optical reflectivity changes will be discussed. Additionally, an overview of the equipments and their crucial role in the setup will be provided.

Femtosecond laser system

The Coherent system consists of:

• Verdi G5 (5 W, 532 nm, CW) used as pump laser for Mira -900,

• Verdi G12 (12 W, 532 nm, CW) used as pump laser for Rega -9000,

• Mira -900 modelocked Ti:Sapphire laser (0.65 W, 700 to 980 nm, 76 MHz nominal),

• Rega -9000 femtosecond Ti:Sapphire amplifier (1 W, 200 fs, 260 kHz).

This laser system emits a train of pulses with a Gaussian temporal profile with a FWHM of about 260 fs at repetition rate of 260 kHz tuned to a central wavelength of ∼ 790 nm. The average output power is about 1 W and the energy per pulse is about 4 µJ. The laser output is used for two experiments at the same time, that means that the main beam is split into two parts of approximately 500 mW power each. The main beam is then divided into two pump and probe beams with a polarizing beam splitter.

The pump, the more intense beam, is synchronously modulated at some subharmonic frequency of the laser repetition rate by an acousto-optic modulator (AOM). After the AOM, the pump beam passes through the delay stage which allows a continuous modification of the time difference between the pump and probe pulses of different optical paths. Onwards, the pump beam goes through a pulse shaper called "Death

Star" (see details below), and afterwards it is focused on the sample where it is used to generate acoustic waves at a metal transducer film. The probe beam, with significantly weaker intensity, is frequency doubled to 395 nm through second harmonic generation in a nonlinear birefringent crystal of BBO (β -BaB 2 O 4 ). Further, it is separated into two parts. One part goes directly to a reference photodiode, the second part is focused with a 10× microscope objective at the sample surface to monitor the acoustic waves propagation in the liquid sample. In fact, the probe is split into two beams (so-called reference and probe) to decrease the noise level of the signal, that definitely improves the data acquisition quality. Next we will consider the key elements and their role in the experiment.

Half Waveplate and Polarizing Beam Splitter

To be able to control the beams intensities, the combination of a half waveplate (HWP) and a polarizing beam splitter (PBS) is used several times on the experimental setup. The half waveplate is used to change the direction of the linear polarization that entails a modification of the transmitted and reflected beams intensities through the PBS. This simple method enables balancing accurately the light intensity of both reference and probe beams on the dual detectors, to properly select the pump and probe laser powers on the sample.
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Acousto-Optic Modulator

Acousto-optic modulators are used to vary, control or modulate the laser pump beam intensity. In our pump-probe setup the pump beam is modulated in intensity at a given frequency in order to perform lock-in detection that increases the signalto-noise ratio and enables the detection of very small signals ∼ 10 -3 -10 -6 . The AOM is supplied by AA Opto -Electronic ( AA.MT.110/B40/A1.5 -IR/(Z20)). The sketch of the main principle of the AOM is presented in Fig. 2.8. AOM uses the acousto-optic effect to diffract and shift the frequency of the light using sound waves.

Note that the primarily use of the AOM in our setup is to diffract the light, the frequency shift is not relevant. A radio frequency (RF) signal applied to a piezoelectric transducer, bonded to a TeO 2 crystal, generates an acoustic wave. This acts like a "phase grating", traveling through the crystal at the acoustic velocity of the material and with an acoustic wavelength dependent on the frequency of the RF signal. Any incident laser beam will be diffracted by this grating, generally giving a number of diffracted beams. A parameter Q called the "quality factor", determines the interaction regime. In the Bragg regime Q = 2πλL/nΛ 2 »1( λ is the wavelength of the laser beam, n is the refractive index of the crystal, L is the distance the laser beam travels through the acoustic wave and Λ is the acoustic wavelength) and at a single particular incidence angle θ B , only one diffraction order is produced -the others are annihilated by destructive interferences. The diffraction condition is given by

θ B = f λ 2nc AOM (2.41)
where f is the acoustic carrier frequency (∼ 110 MHz), n and c AOM are the refractive index and the sound speed of the AOM crystal, respectively (for TeO 2 , n = 2.2 (λ = 790 nm), c AOM = 4200 m•s -1 . The angle of deviation 2θ B for TeO 2 cell is equal to 5 • and the Bragg diffraction efficiency reaches about 95%. The conditions for maximum Bragg diffraction efficiency is drastic and highly sensitive on the beam size and beam divergence inside the TeO 2 crystal, that have been carefully optimized in our setup with a proper design of a telescope in front of the AOM (not shown in Fig. 2.7). The zero order beam is then forwarded to the delay stage while the first order diffracted beam is dumped. The advantage of using the "0" order beam rather than the "1" order beam, is based on the fact that, first, the zero order beam shape is not altered by the acoustic diffraction, since it is not diffracted, second, the beam is less sensitive to the day-to-day laser beam pointing fluctuation, that facilitates the daily operation of the experiment. The reference frequency of the pump modulation is synchronized with ). An acoustic wave is generated in the crystal by applying a RF drive signal to a piezo-electric transducer. A modulated acoustic wave propagates in the AO cell and creates areas of compression and rarefraction, causing a refractive index perturbation i.e. an acoustic grating. "0" and "1" orders are respectively the direct beam through the cell and the beam diffracted by the acoustic diffraction grating.

the laser repetition rate in order to select a well define number of pump pulses. This frequency is set to 41 kHz, that corresponds to approximately to a time interval of 3 pump pulses. The reference frequency from the AOM is sent to the lockin amplifier for synchronization.

Delay Stage

The delay stage is a motorized linear translational stage ( M -IMS 600PP) purchased at Newport R and computer controlled by a XPS -Q8 Controller. A retroreflector is mounted on this stage that enables to optically delay the pump pulse with respect to probe pulse. The travel range of such stage is 300 mm that corresponds to 2 ns single path delay. The motion speed of the stage is also controlled by the computer through the Labview acquisition program. After the delay line, the pump pulse passes through the pulse shaper often known under the fancy name "Death Star" [101].

DeathStar Pulse Shaper [107]

To enhance the frequency brightness of the Brillouin signal, a pulse shaper is placed on the beam path of the pump to allow the generation of narrowband acoustic waves. The incoming beam is introduced in the system and makes seven round trips inside the heart of the pulse shaper, i.e. the retroreflectors in Fig. 2.9, each time illustrate the capabilities of the pulse shaper in operation. In fact, the time difference is adjustable and can be selected to enhance the detection of a particular single frequency that we want to detect. In this case the time difference ∆t of the excited narrowband acoustic wavepacket is set such that the detected frequency equals f = 1/∆t.

Second harmonic generation in a BBO crystal

As it was mentioned previously, the probe pulse is frequency doubled in a birefringent β -BaB 2 O 4 (BBO) nonlinear crystal. BBO crystals are widely used for second harmonic generation (SHG). A scheme of the SHG process is presented in Fig. 2.11.

SHG is a nonlinear optical process whereby the incident photons with the same frequency interacting with a nonlinear material are effectively "combined" to generate new photons with twice the energy, and therefore twice the frequency and half the wavelength of the initial photons. When using a wavelength of 790 nm, the SHG converts the wavelength into 395 nm which lies within the blue light spectrum. The intensity of the second harmonic light scales quadratically with the input intensity. If the phase matching of both 790 nm and 395 nm beams is satisfied (∆k = 0), the efficiency of the second-harmonic conversion is optimum and the intensity of the second harmonic I 2ω1 can be expressed in the simple form

I 2ω1 = C 2 I 2 ω1 L 2 πω 2 1 .
(2.42)

The field-gain coefficient C introduced here contains all material properties. The crystal thickness L plays an important role, the thicker crystal is, the more intense the second harmonic will be. In our setup we have used a BBO of 0.5 mm thickness.

As for the phase matching conditions, the focusing conditions of the incoming laser light inside the BBO has to be optimized. Experimentally, the SHG efficiency is in the range of 10%.

Probe detection at normal incidence

In order to minimize the probe spot size on the liquid sample, such that the probed region of the liquid can be assumed to be of homogeneous thickness, or at least that the variations of the liquid topography in the probed region can be neglected, we have designed the experiment at normal incidence of the probe light. The advantage of normal incidence detection being that optical aberrations are minimized and, with the use of high quality microscope objectives, the probe spot size on the sample can reach the diffraction limit. of the laser module, we sometimes used the femtosecond probe to get good quality images. For that a concave lens is mounted on movable mount before the microscope objective in order to broaden the beam illumination on the sample surface. In this case the inspection about surface quality, about damages on the sample are more reliable.

Data acquisition

In all experiments we used two balanced current photodiodes to improve the signal to noise quality of the acquired data. These balanced current photodiodes were used to remove laser fluctuations. The reference photodiode contains only noise produced by the laser because the reference beam is reflected from a PBS right after the SHG telescope and is not related to the sample. Its intensity is tuned by a half waveplate situated before the PBS, see Fig. Knowing that the signal level is very low (in the range 10 -4 -10 -7 ) and can strongly vary, the lock-in detection is imperative. To complete this task, a Stanford Research SR844 lock-in amplifier was used. The lock-in takes the input signal from the balanced photodiodes along with all the noise (V s (t) = R cos 2πf s t + θ s ) as well as the reference signal of the pump modulation (V r (t) = cos 2πf r t) and couples both of them through a frequency mixer. The signal mixing is equivalent to multiplication of the two inputs

(V s • V r ).
When the signal and the reference are sin waves at frequencies f s and f r , this operation results simply into two components f s -f r and f s + f r . In our case the signal and the reference frequencies are identical and equal to f In the next chapter, we will describe in detail the different types of liquids investigated in this thesis and we will give a close view on the liquid sample cell which has been designed for the measurement of ultra thin liquid layers.

(f s = f r = f )
Chapter 3

Liquid cell

In our experiments, we need a special sample design that enables to maintain the liquid thickness stable and unperturbed during all measurements. The extraction of the information on the liquid mechanical properties (acoustic speed, attenuation coefficient etc.) relies on the comparison of the acoustic transmission through different liquid thicknesses. Therefore, it is indispensable to have an experimental access to a wide range of liquid thicknesses, ranging from several to hundreds of nanometers or even microns. In order to achieve this, a peculiar homemade liquid cell has been designed and built. This chapter/section is dedicated to the liquid cell description and characterization.

Sample cell configuration

As mentioned above, in our research, it is required to maintain the thickness 

Choice of materials

The choice of the materials composing the liquid cell structure plays a crucial role. Different substrates configurations lead to differences in generation efficiency and acoustic transmission, and can result in significant unwanted sample heat. The influence of different sample configurations on the cumulative sample heating is described in the following Chapter 4. Our material choice has been motivated by the optimization of the generation efficiency, acoustic transmission across the liquid and minimization of cumulative heat effect.

Generation side substrate: Substrate and transducer film combination

The combination of a metal transducer film and the substrate is of key importance for the acoustic generation, heat diffusion processes as well as for the transmission of the generated acoustic wavepackets into the adjacent liquid film. After some investigations, estimates from the literature of the different material properties and trials, we have fixed our choice on Silicon as the generation substrate and Chromium as transducer film. Chromium films were grown on flat Silicon substrates under ultrahigh vacuum (∼ 10 -6 -10 -7 Pa) by method of evaporation at the rate ∼0.1 nm•sec -1 .

The Si substrates were cut from wafers (mainly, n -doped <100> wafers of 300 µm thickness) that before use are stored under the fume hood. A wide range of Chromium thicknesses ( from 10 to 100 nm) were used during my PhD work.

Chromium is widely used as high frequency opto-acoustic transducer for the laser excitation of ultrashort acoustic pulses [108]. Its relatively short optical penetration depth (in the range of 15 nm at 800 nm and 9 nm at 395 nm), short diffusion depth (∼10 -20 nm), allows the excitation of high frequency acoustic pulses. Nonetheless, from the strain transmission point of view, it is not the most suitable transducer. The acoustic impedance of Chromium is relatively high (z ac = 43 MRayls3 ), twice bigger than Silicon and impact the transmission of the strain into the liquid film (T η,12 = 5.9

in case of glycerol). Still, Chromium has a great advantage compared to other metals, by virtue of its easy deposition rendering a perfectly smooth surface, with a roughness below 1 nm. In addition, its thermal deposition is fully mastered and available at convenience in our laboratory. For these technical reasons, Chromium remains the most appropriate transducer film linked to our measurements of ultrathin liquids that requires ultra-smooth surfaces.

The choice of the liquid

The experiments performed in this work were made by using three categories 

A. Glycerol

The chemical structure of glycerol is depicted in Fig. 3.2. Each molecule contains 14 atoms and its size is equal to 4.3 Å. Physically, glycerol is a water-soluble, clear, almost colorless, odorless, viscous, hygroscopic liquid with a high boiling point.

Chemically, glycerol is a trihydric alcohol, capable of being reacted as an alcoholyet stable under most conditions. With such an uncommon blend of properties, glycerol finds application among a broad diversity of end uses. Glycerol is well-known for its ability to supercool and to vitrify at low temperatures into a rigid glass. These features gave rise to a wide range of experiments on this substance's physical properties in the glass forming community [109][110][111][112] where glycerol is a well know intermediate glass forming liquid prototype. Despite plenty of analyses available presently, the accurate understanding of the structure at the molecular level is not completed yet.

This knowledge would help to explain the behavior of a broad family of other glass formers. 

T b , K T m , K T g , K 563 
290.8 186

Table 3.1. The temperature parameters of glycerol, boiling point T b , melting point T m , and glass transition temperature T g .

Glycerol exists as a liquid, supercooled, or glassy state. Under normal conditions glycerol does not undergo crystallization but it rather becomes a supercooled liquid during cooling, which can be vitrified at T g ∼ 186 K [113]. However, after special treatment, pure dehydrated glycerol can be crystallized [114] (cooled down below the glass-transition point T g and then slowly heated up). Glycerol crystallizes into an orthorhombic structure, with four symmetry-equivalent molecules per unit cell.

Glycerol was the most frequent liquid involved in our research because of the wide information available on glycerol in the literature. Glycerol has been extensively used as a model system in many studies related to supercooled liquids and glass-forming dynamics [109][110][111][112]. We used it as the reference liquid on which we made not only the measurements but also the calibrations or adjustments of our experiments.

B. OMCTS

Octamethylcyclotetrasiloxane, also known as D4, is a low weight cyclic siloxane which molecule is presented in Fig. 3.3. lt is a colorless viscous liquid that belongs to the category of glass-forming liquids. OMCTS is prevalent for liquid structuration and confinement investigations because of its relatively big molecule size (∼ 8.5 Å)

and because it can be modeled as a sphere of the same diameter. Previously and nowadays, the confinement effect of OMCTS is explored by Surface Force Apparatus and Atomic Force Microscopy. OMCTS is in fact a prototype liquid for confinement investigations, and for this reason, we have performed some experiments with this specific liquid. The main disadvantage of OMCTS for our experiments is its volatility.

OMCTS is volatile at normal ambient conditions and many times it was not possible to complete our measurements before full evaporation of the liquid sample.

T b , K T m , K T g , K 449 
290 260

Table 3.2. The temperature parameters of OMCTS. 

Detection substrate

As a detection substrate, we used plano -convex lenses with different focal distances, ranging from 300 mm up to 2500 mm, purchased either at Thorlabs or CVI.

The lenses are made from borosilicate crown glass (N -BK7) with n = 1.516 at a wavelength λ = 587 nm.

Bringing in contact the flat generation substrate and the spherical detection substrate leads to phenomena known as Newton's rings. Newton's rings appear as a series of concentric rings, alternating bright and dark rings centered at the point of the contact between the two surfaces. The radius of the Newton's rings in our case can be measured considering the scale of the images taken by the CMOS camera from the 2D imaging setup. Thus, the liquid thickness can be calibrated and fitted from the Newton's rings interferometric effect, with a precision in the range of ten's of nanometers. Using the notation of Fig. 3.5, the thickness e of the liquid film at a given Newton's ring distance r of the contact, can be calculated as follows [115],

e = r 2 2R (3.1)
where R is the lens radius of curvature, and r is the radius of Newton's ring. to the surfaces and in turns, the thickness will be undetermined in this area. In view of the probe beam size of about 8 µm, the probed area covers a significant number of molecules along the surface (∼4000×4000 molecules of 8CB, ∼8000×8000 molecules of OMCTS and ∼16000×16000 molecules of glycerol), which means that the measured signal averages a huge number of molecules and gives an averaged signal over the whole probed area. Therefore, the surface roughness or the presence of impurities might not be as critical as in an AFM measurement, for example, where only few molecules are probed along the surface. Our laser ultrasonics measurements lead to an effective liquid thickness and an effective liquid medium. Of course the mechanical properties of the effective liquid medium depend on the local liquid topography which is influenced by the surface roughness and the impurities, but even in an non ideal situation, the effective liquid properties should differ from bulk to confined. For sure the measurements of the bulk and the confined liquids are influenced by surface roughness and the impurities, but there is no reason why experimentally the laser ultrasonics technique would not be able to indicate a difference between an effective bulk liquid and an effective confined liquid. The question is how much mechanical contrast can we expect in the laser ultrasonic measurement, and how much the surface roughness and the impurities can influence this mechanical contrast? high compared to the other surfaces, the reason being the fact that the polishing of a curved surface is not as good as for a flat surface. We have been exploring lately the possibility to use lenses made of blown glass that gives a more reliable surface quality. However, manmade blown glass yields quite unknown lens radii that are not necessarily uniform. Concerning the impurities, the surfaces are cleaned with acetone and dried in a clean hood, and the liquid is passed through porous filters of 0.2 µm in diameter, prior to the measurements.

Sample cell design and assembly.

Another important and time consuming technical problem consisted in designing and machining a sample holder for the liquid cell structure that allows dynamic liquid thickness change, from several nanometers to several microns. To achieve this technical challenge, a sophisticated construction was fabricated to hold the two substrates in order to squeeze the liquid and to change the liquid film thickness with nanometric resolution. In the past, broadband picosecond ultrasonics has been applied to measure acoustic properties of bulk liquids squeezed in between two flat surfaces [116]. Since extremely large pressures are needed to squeeze the liquid film down to thicknesses thinner than 1 µm, only bulk liquids were studied. The difficulty increases due to the difficulty for the liquid to quick flow outwards when two flat substrates are brought close together. More recently, one of the flat substates has been replaced with a planoconvex lens [87,117]. In this case, two substrates can get in contact one with another from small external pressures (even with lenses with large curvatures). In order to probe different liquid thicknesses, researchers moved away from the contact region in order to access liquid layers of a few hundreds of nanometers. However, away from the center, the two solid surfaces are no longer parallel at this point and the liquid thickness varies significantly over the probe spot size diameter and, additionally, the acoustic reflections occur at the angles resulting in a tilted acoustic wave front. Still, measurements at several lateral (x) positions on the lens corresponding to different liquid layer thickness were performed to retrieve the mechanical properties of bulk liquids in the 100 nm thickness range. The "nonlinear" quadratic liquid film thickness variation is governed by the lens curvature and the lateral displacement step. An In [87], researchers used a flat substrate and polished three regions of one face After being installed properly, the aluminum barrel is tightly screwed in order to ensure immobility during the measurements. Any slight motions of the lens holder or the generation substrate holder relative to each other would lead to undesirable liquid thickness variations that would perturb the results, especially with confined liquids.

Therefore, the sample construction is a careful procedure which has been optimized on the mechanical point of view.

The block holding the generation substrate is then fixed on a piezostage (Piezoconcept, HS-1.10). The piezostage is a compact nanopositioner with 1-axis positioning (z-axis in Fig. 3.8) with 10 µm range of motion. This piezostage is fasten on a motorized linear stage (Newport R ). This motorized stage is used to bring closer the generation side mount to the detection side mount within a 0.1 µm resolution. The whole generation assembly is then mounted on the same multi-axis positioning stage in order to modify the spot position along the x-, y-sample surface. The liquid is injected between the two substrates with a long needle and the generation side substrate is approached to the detection side substrate in order to squeeze the liquid and to obtain a thickness in the nanometer range, tunable and controllable with the piezostage. Chapter 4

Heating effects

In this chapter, we describe several processes related to the laser mediated heating of the materials composing the liquid sample cell. We describe experiments where the influence of the laser pump pulse on the thermal relaxation or transport in the metallic transducer film and in the thin liquid film are investigated step by step.

The purpose of the experiments described in the following have been to get insight and to quantify the influence of the laser mediated temperature rise in the perturbed sample structure, for the proper design of experiments on ultra thin liquids that will be described in the next chapter. 

Thermal relaxation between electrons and lattice

Absence of equilibrium between electrons and phonons is important already on a picosecond time scale. In a metal, first, free electrons absorb energy from the laser while the lattice remains cold. On a femtosecond time scale the energy is distributed among the free electrons by electron-electron collisions leading to the thermalization of the electron gas. The energy exchange between electrons and the lattice is governed by electron-phonon collisions. Though the electron-phonon collision time may be as short as the electron-electron collision time, the energy transfer from the hot electrons to the lattice will last much longer than the thermalization of the electron gas due to the large mass difference of electrons and phonons, typically a few tens of picoseconds [121].

This process is described by the classical two-temperature model (TTM).

TTM had been firstly proposed in 1957 [131] and validated by many experiments [124,125,132]. It is a model for quantitative predictions of highly non-equilibrium changes and describes the temperature evolution of the electrons and phonons systems in metals after absorption of an optical femtosecond laser pulse. The time evolution of the electron temperature T el and lattice temperature T ph may be modeled by a set of coupled nonlinear differential equations:

C el ∂T el ∂t = ∂ ∂z (K ∂T el ∂t ) -g(T el -T ph ) + S(z, t) (4.1) 
C ph ∂T ph ∂t = g(T el -T ph ) (4.2) 
where C el and C ph are the heat capacities of the electrons and of the lattice, g is the electron-phonon interaction coefficient and K(T el ) denotes the temperature dependent electronic thermal conductivity. The electronic heat capacity follows C el = γT el , where γ is the electron specific heat. The first equation describes the electronic heat dissipation from the laser heat source of spatio-temporal profile S(z, t), the heat diffusion among the electrons, and the heat transfer to the lattice. The heat source S(z, t) can be written as,

S(z, t) = I(t) λ exp -z/ξ (4.3)
where ξ is the optical penetration depth, I(z, t) is the laser source intensity. The second equation stands for the lattice. Electron-electron collisions quickly result in thermalized hot electrons described by the Fermi -Dirac distribution. The hot electron gas dissipates the energy through the electron-phonon coupling term g and the heat conduction into the bulk. The phonon temperature is linearly coupled to the electron temperature through the electron-phonon coupling coefficient g.

Nonequilibrium electron heating may be observed experimentally through ultrafast transient reflectivity measurements performed with an optical pump-probe scheme. In the following we will consider electron and lattice dynamics following 

Conclusion

The time-resolved characterization of a thin chromium layer used in the liquid experiments as a transducer thin film, has evidenced several features of the transient relaxation response of the material under laser excitation. We have observed nonlinear laser excitation and thermalization processes of the electrons and of the lattice.

This experimental investigation of the chromium transducer film has highlighted a linear and a nonlinear regime of the behavior of the transient reflectivity signal. This quantitative estimate of a fluence threshold above which the sample response behaves non linearly gives a hint on the experimental conditions for a proper laser excitation of the chromium transducer film.

In the next section, we will investigate the concrete situation of a metallic transducer that launches an acoustic wave in contact to a surrounding liquid. We will demonstrate the usefulness of Brillouin scattering measurements to determine the local temperature distribution profile in liquid samples.

Cumulative laser heating in liquids

Thermal transport has been investigated in a variety of materials in the frame- and even GHz transverse acoustic phonons in viscoelastic liquids [86,94,147,148].

In this section, elaborated from a paper from our group published recently [149],

since temperature influences viscoelasticity, we demonstrate through TDBS measurements the intricate coupling of longitudinal acoustic phonons to thermal properties of the investigated liquids. We describe a tabletop pump-probe method which enables the measurement through TDBS of the absolute laser-induced temperature gradient in liquids in contact to an optical transducer. In the following, we will illustrate the performance of TDBS as a specific contactless local viscoelastic and temperature sensor in case of glycerol, which is a well known and well characterized prototypical glass forming liquid. Similar results were obtained for octamethylcyclotetrasiloxane (OM-CTS), chosen as a confined liquid prototype, with the interest for future experiments related to molecular confinement in ultrathin liquid layers where the understanding of thermal effects remains elusive. This section is aimed to determine the key parameters linked to the laser-induced cumulative effect in bulk liquids that could be extrapolated in our further experiments on ultra thin liquids. The temperature calibration measurement takes advantage of the fact that the Brillouin frequency can be used as a sensitive probe to determine the absolute temperature in the experimentally investigated local region of a liquid.

The optical experiment is based on the TDBS technique, suitable for the inves- Reprint from [87].

tigation of the frequency and temperature dependences of ultrafast acoustic dynamics in liquids at GHz frequencies [86,94,101,147,148,150]. Measurements were made using an ultrafast optical pump-probe experimental setup as illustrated in Fig. 2.7.

The sample configuration used in these experiments is depicted in Fig. 

OMCTS

As the physical properties of the investigated liquids depend on the water content, all measurements in the cryostat chamber were made under vacuum to avoid condensation and the liquid hydratation. Since OMCTS is rather volatile, it was challenging to perform experiments with this liquid under these conditions. In fact, OMCTS was immediately evaporating right upon starting the vacuum pumping of the chamber. The way to bypass this problem was to properly seal the liquid from the cryostat chamber. We have tested different possibilities and the best strategy so far consist in using silicone seal around the copper sample jig. Silicon grease and paraffin films were tested too, but they are less appropriate and efficient.

The measurements for OMCTS were obtained for a temperature range from We observe a slight Brillouin frequency shift of about 0.8 GHz in between our experimental data and the calculated calibration curve, which we attribute to a slight temperature shift caused by laser cumulative heating of the liquid, even at this relatively low pump fluence, or to a slight variation of the water content in the different glycerol samples. This discrepancy does not affect, in any way, the interpretation of the steady state cumulative thermal heating effects detailed in the following. 

Cumulative thermal heating

As in any optical pump-probe experiment, the laser pump pulse can cause permanent or irreversible sample modification. This effect can be experimentally observed once the recorded data become fluence dependent such as the excitation of shock waves at high laser fluences [85] which reveals the departure from the linear acoustic regime It is important to keep in mind that for the appearance of shock waves as in [85], the Brillouin frequency tends to increase with an increase of the laser pump fluence, which is opposite to our current experimental observations. Therefore, we have neglected the effect of non-linear shock waves and solely assumed cumulative laser heating as the main mechanism responsible for the evolution of the Brillouin frequency in our present measurements. On the assumption that strong pump power influences the viscoelastic properties of liquids by inducing a local temperature increase, it is critical to find the most favorable conditions that can discard any impact due to laser heating on the experiments involving ultra thin liquids.

Different sample configurations at different laser pump fluences

Different configurations of generation side and transducer film can demonstrate different effects on the cumulative heating effect. These differences are important and influence the choice of sample structures for the experiments. glass or sapphire substrates, and a sample with a 25 nm strontium ruthanate (SrRuO 3 , SRO) thin film on an off-axis cut strontium titanate (SrTiO 3 , STO) substrate. MBE transducer films were used for shear wave generation as described in [86,94,147,148].

The SRO sample was chosen because it attracted attention as a promising photoacoustic transducer material after a high laser-induced strain amplitude in a multilayer SRO structure was reported [155,156]. In all configurations, the cover transparent substrate was glass and the liquid glycerol. The mean probe light intensity at each measurement was adjusted to account for differences in optical reflectivity among the different samples, such that the voltage on the detection photodiode was kept constant for all measurements. As shown in Fig. 4.8, the Brillouin scattering frequency and the liquid temperature rise, deduced from Fig. 4.6 (b), is strongly influenced by variation in pump fluence for a glass substrate, as opposed to the situation of sapphire or STO substrates. These discrepancies highlight the cumulative heating effect, which manifests differently depending on the sample structures. Strong cumulative heating was always observed with a glass substrate holding a metallic transducer film deposited on it. The fluence-temperature slope, deduced from Fig. 4.8, was substantial in this sample configuration, about ∼ 40 K/10 mJ•cm -2 for glass-aluminum and over ∼ 100 K/10 mJ•cm -2 for glass-iron. The ratio of about 1:3 reflects the difference in optical absorbance of aluminum and iron at 790 nm of 13% and 39% respectively.

In strong contrast to this was the cumulative heating observed in two sample configurations which have a transducer film on sapphire substrates. In this case, the pump fluence dependent heating was determined to be only 3 to 5 K/10 mJ•cm -2 .

The explanation of this large difference in cumulative heating lies in the difference in thermal conductivity,

κ glass ≈ 1.4 W•m -1 •K -1 and κ sapphire ≈ 45 W•m -1 •K -1
for glass and sapphire. Therefore, the large difference is simply due to the thermal conductivity of glass that does not favor efficient thermal diffusion and dissipation, as compared to sapphire. Finally, SrTiO 3 is almost as good a thermal conductor as sap-

phire, κ STO ≈ 20 W•m -1 •K -1 when subjected to a heating of ∼ 10 K/10 mJ•cm -2 .
The only difference compared to the previous samples is the large offset at zero pump power which was likely caused by strong absorption of the 395 nm probe light which was at least twice as much for measurements on SrTiO 3 /SrRuO 3 samples compared to the highly reflective metal films. Two inserts present the pump fluence dependence of the Brillouin scattering frequency in the configuration of a 40 nm Cr film on a n-doped Silicon substrate at two different temperatures, 230 K and 300 K. The cover transparent substrate was glass and the liquid glycerol. The fluence-temperature slope is less significant, about 30 K/10mJ•cm -2 , in the chromium -silicon configuration which is not as good than in case of a sapphire transducer. Still, the laser induced temperature rise for the chromium -silicon configuration, which is the one adopted for technical reasons for the experiments on ultrathin liquids, induces a reasonable heating of about 3 K at the typical laser fluence of 1mJ•cm -2 used in our measurements.

These differences among the variety of generation side substrate configurations clearly demonstrate the influence in the choice of sample structures for experiments where the liquid sample has to be kept undisturbed in order to proceed to non-invasive pump-probe measurements. In order to avoid strong cumulative thermal effects, materials with good thermal conductivity are required.

Simulation of cumulative heating

In order to confirm our experimental observations, we have simulated the cumulative heating through modeling different sample structures and solving the timeindependent heat equation in cylindrical geometry in COMSOL Multiphysics. The sample structure used in all simulations includes a substrate holding a 50 nm iron transducer film, glycerol, and a transparent cover substrate. An absorption of 39% of a 100 mW laser beam with a Gaussian beam profile and a FWHM spot size of 100 microns, which corresponds to a pump laser fluence of 5.9 mJ•cm -2 , throughout the depth of the transducer film was used as the heat input to the model system.

Since the simulations were steady state and did not include the impulsive nature of heat deposition, the temperature profile obtained from these time-independent heat equation simulations gives an upper bound for the actual cumulative temperature rise.

Results from simulating several different substrate combinations are depicted in Fig. 4.9 (a) and (b). Acoustic waves at our detection wave vector propagate very far into the liquid, at least 5 to 10 microns, at low temperatures. Accordingly, the liquid thickness of glycerol in our simulations has been arbitrary chosen to be of 10 microns.

The glass transition temperature of glycerol, T g = 186 K, was used as the initial temperature in all simulations. The top plot shows the 2D temperature distribution in a glass-glass configuration with a substantial temperature rise close to the transducer film of 84 K, the case with the highest temperature increase in our measurements. The corresponding temperature distribution within the probe spatial range, displayed in Fig. 4.9 (b), changes linearly by about 5 K/micron of propagation distance. In case of a sapphire-glass combination, see the bottom plot in Fig. 4.9 (a), our simulations confirm the fact that the temperature rise is more gentle, of about 15 K, in close agreement to our experimental observations. As opposed to a glass substrate, the linear temperature variation of a sapphire substrate is significantly reduced to 0.2 K/micron. 

Multilayer structure for enhanced thermal insulation

In order to further decrease the influence of cumulative laser heating effects, which could be detrimental in sensitive experiments such as in studies of confined liquids [37,38,157], more complex sample configurations could be explored. We have investigated a multilayer sample structure configuration where an additional thermal insulator layer is added as a thermal barrier between the hot metallic layer and the liquid, see Fig. 4.11. In this case, the sample has an additional silicon dioxide SiO 2 layer on top of the metallic film. First, a 40 nm chromium transducer film was deposited on a silicon substrate, and then a 19.7 nm SiO 2 layer was deposited on half of the metallic film for a straightforward comparison of the cumulative heating effect with or without silicon dioxide film. Measurements with this structure were made for a wide range of pump fluences for both sample configurations. Each recorded transient reflectivity data, see Fig. 4.12 (a) which corresponds to both situations, with or without SiO 2 buffer layer, was further processed in order to numerically extract the initial frequency ν 0 and the chirp coefficient C expressed in Eq. (4.6). The result of the fitting procedure for several different laser pump fluences is shown in Fig. 4.12 (b) and (c). We recall that the initial frequency ν 0 reveals the change in liquid temperature whereas the chirp coefficient C is related to the change in temperature distribution. Therefore, the frequency shift between both configurations, with or without SiO 2 layer, which appears in Fig. 4.12 (b) indicates the temperature rise in the liquid to be substantially minimized through the SiO 2 insulator layer.

The temperature rise at the lowest fluence of 0.75 mJ•cm -2 is only of 1.5 K with the SiO 2 insulator layer whereas more than twice as much at 3.6 K without the insulator layer. The efficiency of the insulator The interpretation of the frequency chirp coefficient discrepancy between both configurations is not as straightforward. In Fig. 4.12 (c) we notice the chirp coefficient C being higher for the SiO 2 insulator layer case, which means that the temperature gradient is more pronounced than without SiO 2 insulator layer. This behavior is inherent to the higher thermal effusivity ε of the SiO 2 insulator layer in comparison with glycerol. Since ε SiO2 = 1.7

× 10 3 J•K -1 •m -2 •s -1/2 > ε glycerol = 0.9 × 10 3 J•K -1 •m -2 •s -1/2 , i.e. ε SiO2 /ε glycerol ≈ 2,
the SiO 2 layer increases the stationary heat flux from the optically heated chromium film into glycerol [158,159] that leads to the rise of the temperature gradient in glycerol. Therefore, the temperature rise in glycerol is localized at close vicinity of the chromium film. At the contrary, since the temperature gradient is weaker without insulating layer, the temperature rise is much less localized and homogeneously distributed in depth of the liquid sample. In Fig. 4.12(c) we notice an up-chirp coefficient C decrease with an increase in pump fluence, which means that the temperature gradient weakens at higher fluence for both sample configurations. This may be due to reduced viscosity and/or increased flow of the liquid sample which would moderate the temperature gradient.

Conclusion

These experimental studies and simulations of different sample structures have shown the importance of the proper selection of sample substrates holding the metallic transducer films to avoid cumulative thermal heating effects. Such effects can be efficiently minimized by using a good thermally conducting substrate like sapphire or silicon. To further decrease the influence of cumulative thermal heating effects we have investigated a multilayer sample structure where a thermal insulating SiO 2 layer was added in order to shield the liquid from the laser heated metallic transducer film.

We have experimentally demonstrated the benefit of this alternative sample structure which could be required in experimental situations where even slight temperature CHAPTER 4. HEATING EFFECTS changes have to be avoided.

The extrapolation of our results at the nanoscale gives insight on the thermal properties of ultrathin liquid films [37,38,157] and shed light on the understanding of nanoscale heat transport [137,160,161]. In particular, our quantitative results bring attention to the laser cumulative heating effect that should be accounted in the TDBS experiments performed on ultra thin liquids, described in the next chapter.

Chapter 5

Mechanical properties of ultra thin liquids at GHz frequencies.

Results and discussions

In this chapter, we describe experiments on ultra thin liquids performed in the liquid cell specially designed for the TDBS measurements. We recall that the laser excitation takes place at the generation side substrate, composed of a thin Chromium film on a silicon substrate, and the detection of the acoustic waves is performed through TDBS either in the liquid in contact to the transducer, in case of micrometer thick liquid films, or in the detection substrate after traversal of the liquid film, in case of ultrathin liquids. In the following, we review and discuss experimental results that were obtained in different liquids, glycerol, OMCTS and 8 CB.

Data analysis

From the detection theory in an acoustic/optical cavity described in Chapter (5.

3)

The Brillouin scattering amplitude I ac is given by the sample thickness d and the attenuation coefficient α. The Brillouin phase shift δφ = φ ac -φ opt is determined by the time of flight of the acoustic waves through the liquid of thickness d at the acoustic speed c l , and the Brillouin frequency ν liq of the liquid. However, this expression is valid only if the speed of sound in liquid at ν sub and ν liq is identical, which is not appropriate for many liquids, where the speed of sound is dispersive. A more general formula deduced from Eq. (2.34), can be written in the form:

δφ = 2π • d( ν sub c l (ν sub ) - 2n liq λ ).
(5.4)

The only inconvenient in this formula is that the index of refraction n liq (λ) needs to be known in advance.

Accordingly, the analysis of the recorded data from different liquid thicknesses follows equations ( 5.2) and (5.4). A simple example of data analysis is presented in the acoustic attenuation from the FFT spectrum is valid only if the liquid thickness difference is known precisely, otherwise, these quantities are coupled to the liquid thickness ∆d and it is not possible to conclude. The determination of the liquid topography or the a priori known relationship of the liquid topography is crucial for the extraction of the relevant acoustic parameters of the liquid. In the following GHZ FREQUENCIES. RESULTS AND DISCUSSIONS sections, we will show how an entire set of FFT phase shifts and amplitudes resulting from various liquid thicknesses for different liquids can be used to determine the sound speed and the acoustic attenuation. This procedure provides a high level of precision for the values determined.

Adjustment of the initial liquid film thickness gap

For each sample assembly, the subtle starting point concerns the initial liquid thickness gap, set at the beginning of each run of measurements, that should be in a small range of liquid thicknesses, roughly well below one micrometer. This is delicate to achieve but crucial since the ultimate goal of these types of measurements is to measure many data over a short range of liquid thicknesses (in the micrometer range), with nanometer precision, and until the contact position. Therefore, all the measurements are performed from an initial liquid thickness gap that is decreased step by step until the contact position of the lens with the substrate, that ends the measurement run.

If the initial liquid thickness is over 10 µm, the whole piezostage displacements will not be enough to bring into contact the lens and the flat generation substrate in order to confine the liquid until few molecular layers. So the highest difficulty of the measurement is to adjust the initial liquid thickness gap well below 10 µm and to align the pump-probe spots right at the tip of the lens at the liquid thickness gap, where the liquid thickness is the thinnest. Specifically, we use TDBS lateral measurements in the liquid themselves as a sophisticated tool for the determination of the liquid-lens interface position, with an accuracy in the range of 100 nm. If the liquid thickness gap is wide, the data analysis of the lateral measurements at the Brillouin frequency of the substrate, which contains all the relevant information on the acoustic properties of the liquid, is problematic, challenging and often impossible because of high attenuation of the acoustic waves propagating through thick liquids. In Fig. 5.2 (c) we can clearly distinguish on the TDBS lateral measurements the liquid/lens interface in case of a thick liquid gap at the tip of the lens, but the information on the acoustic waves transmitted from the liquid into the lens is undetectable. If the lens is in contact to the flat generation substrate, as for the TDBS lateral measurements displayed in Fig. 5.2 (a), it is also problematic, since we won't get any useful information on the acoustic wave propagation through the liquid of different thicknesses since there is no liquid in contact zone between the lens and the flat substrate. The only possible scenario for the proper measurement of the Brillouin scattering in the substrate is in the situation of a relatively thin liquid gap, of some hundreds of nanometers, as a GHZ FREQUENCIES. RESULTS AND DISCUSSIONS starting liquid thickness. This scenario is achieved with the help of lateral TDBS that is used to control and adjust the liquid thickness gap, until we obtain a lateral TDBS scan that resembles the lateral data displayed in Fig. 5.2 (b). As it was described in Chapter 3.3, the sample holder stands on a motorized linear stage that is used for the rough adjustment of the liquid thickness gap with about 0.1 µm resolution.

The procedure is as follows: when all parts are assembled together and fixed, we GHZ FREQUENCIES. RESULTS AND DISCUSSIONS run lateral TDBS measurements to detect how far the lens is from the generation substrate as in Fig. 5.2 (c). In the situation of Fig. 5.2 (c), we roughly estimate the liquid thickness from the number of Brillouin scattering oscillations we detect at the tip of the lens, and we decrease the liquid thickness until we obtain a lateral TDBS such as in Fig. 5.2 (b). The situation displayed in Fig. 5.2 (b) is the perfect scenario to start the piezo measurements. The thickness is neither in excess nor in lack. By applying a voltage to the piezostage, it brings closer the lens to the generation substrate, thereby reducing the thickness of the liquid film, step by step. The situation that corresponds to the lateral measurements of Fig. 5.2 (a), are not appropriate with the piezostage, as the lens is already in contact with the generation substrate. So in this case, the linear stage is used to retrograde the lens in order to move away the lens from the generation substrate and add a few hundreds of nanometers of liquid, until we obtain a lateral scan as in Fig. 5.2 (b). After each step, we repeat the lateral measurements to be sure that the thickness of the liquid film is well adjusted. These operations may be repeated several times before the final measurements. Often all these adjustments take more time than the actual measurements of ultrathin liquids with the piezostage.

The measurements presented in Fig. 5.2 were recorded at room temperature in glycerol, squeezed in between a plano-convex lens (ROC = 386.3 mm) without AR coating and a flat n-dopped Silicon substrate holding a 40 nm Chromium transducer film. The raw data analysis of the phase shifts and of the amplitudes of the Brillouin frequency at 46 GHz of the TDBS lateral measurements allows to estimate the speed of sound and the attenuation coefficient in glycerol under these particular experimental conditions, as described in the next section.

The procedure for the adjustment of the liquid thickness gap between the lens and the detection substrate is indispensable prior to the measurements of ultra thin liquids performed with the piezostage. In addition, this routine lateral TDBS procedure, in conjunction to the piezostage, enables to cover a wide range of liquid thicknesses -from bulk to few molecular layers. Note that the lateral TDBS measurements can be used as an opto-acoustic sensor to detect and image the interface of transparent objects, that can't be detected optically.

Time domain Brillouin scattering study of glycerol

Despite not being the best option among all existing liquids for the investigation of confinement effects, because of quite small molecule size, glycerol has been chosen as a glass forming liquid prototype through the availability of information on both its mechanical and thermal properties. Glycerol was used as a well known material in order to set and improve the experimental and theoretical issues and to ascertain the accuracy of the measurements and calculations.

Lateral TDBS measurements on glycerol

Before proceeding to the measurements of changeable liquid thicknesses via the piezostage displacement, we have performed TDBS lateral measurements in order to measure the bulk mechanical properties of glycerol and validate the accuracy of the TDBS lateral method. The advantage of such measurements is the relative ease in calculating the liquid thickness from the lens radius of curvature in Eq. (3.1), which is always known, to access the speed of sound and acoustic attenuation from the Fourier analysis of the TDBS lateral measurements in the lens.

After sample assembly, the sample is placed on the motorized multiaxial stage and in general, unless of a lucky coincidence, the pump-probe overlap is far from the liquid thickness gap at the Newton's rings center. Therefore we run many lateral scans along the X (horizontal) and Y (vertical) directions to locate the liquid thickness gap (the tip of the lens) that can be later adjusted with the linear stage at the beginning of each run of measurements. All the parameters of the measurements are computer controlled from a Labview program. The user select the parameters of the measurements in the LabView program such as the scanning time window, the lateral displacement distance and step in X or Y direction, the velocity of the delay stage motion, the number of averages and so on. Thanks to this program, that fully automate the data acquisition, all the measurements were made continuously by itself in a non-stop mode, that allowed to capture a wide range of liquid thicknesses with equal step. When the full run of lateral measurements is recorded, the next step consists in the data analysis. Lateral TDBS data sets are presented in Fig. 5.3 (a). Data were recorded for a glycerol sample squeezed in between a plano-convex lens without coating of radius ROC = 206 mm and a flat silicon substrate holding a 40 nm thick Chromium film.

The sample was held at room temperature of about 295 K. The pump power was set to 30 mW that corresponds to about 1.5 mJ•cm -2 , in order to prevent the cumulative GHZ FREQUENCIES. RESULTS AND DISCUSSIONS The aforementioned experiments, that are in fact routinely used to adjust the liquid gap thickness prior to each run of experiments, were repeated many times, with different liquids and give an easy access to the values for α and c l in bulk liquids.

The results of such type of experiments performed for other liquids are discussed in Sections 5.4 and 5.5.

TDBS piezo measurements of ultrathin glycerol

The lateral TDBS measurements are the first step toward the measurements of ultrathin liquids that uses the piezostage in order to modify the liquid thickness gap with a nanometer resolution. As it was already mentioned, the liquid "stiffening" effect happens on ultra-small sizes comparable to the molecular dimensions, it is hard to observe and the lateral measurements are not appropriate since the liquid thickness GHZ FREQUENCIES. RESULTS AND DISCUSSIONS variation is too extreme upon a slight modification of the lateral position. The difference in liquid thickness ∆e between two distinct lateral positions X 1 and X 2 in case of a lens with a radius of curvature ROC follows the Newton's ring relationship in the form,

∆e = (X 1 -X 2 ) 2 2ROC . (5.7) 
In general the ROC radius of curvature of the lens is in the range of 200 -400 mm, to enable an easy liquid flow when the liquid gap thickness is modified by the piezostage.

Under the experimental conditions described above, the thickness difference ∆e between two nearest lateral positions at the tip of the lens separated by 10 µm, which is about the size of the probe spot, is in the range of 0.1 -0.2 nm but it reaches 50 -00 nm at a distance of 100 µm from the center. Therefore the measurements on ultrathin liquids are incompatible with lateral displacements that lead to disproportionate liquid gap thicknesses and should be performed at the tip of the lens where the thickness inhomogeneity from the curvature is well below the piezo stage resolution. The piezo stage accuracy or thickness resolution is limited by the piezo sensor resolution that lies within 1 -2 nm. According to our experience, a reasonable thickness step should be set in the range of 5 nm in order to avoid uncertainties on the piezo stage position sensor.

To reach a better resolution, it is required to perform several runs of measurements with slightly different and shifted thicknesses.

The principle of the sample assembly and procedure for the piezo measurements are described in Chapter 3.3. Initially, the liquid is thick enough and the thickness is not known exactly before the experiments. Once the initial liquid thickness gap at the tip of the lens is adjusted with the help of the lateral TDBS procedure, we launch the LabView acquisition program in automated mode to control the piezo stage. In this case, the lateral displacement step is disabled and the main parameters selected on the user interface are the piezo displacement step and the full range of displacements. Once we can notice on the piezo acquisition a flat region where the Brillouin scattering in the glass remains constant, as in Fig. 5.4 (a) in the negative region of piezo displacements, that corresponds to the region of solid-solid contact, we can calculate the absolute value of liquid thickness for any recorded data.

We have further analysed the TDBS oscillations recorded with the piezo stage by performing FFT, as previously, to retrieve the information on the Fourier amplitudes and phase shifts at different liquid thicknesses. The FFT data corresponding to the Brillouin frequency in the glass lens at ν B = 46 GHz are presented in Fig. 5.5. The examination of these parameters yielded accurate values for the speed of sound and the acoustic attenuation coefficient in bulk glycerol. The slope of the entire set of phase shifts resulting from various liquid thicknesses, as shown in Fig. 5.5 (a), was used to determine a single quantity, the speed of sound through Eq. (5.6). Similarly, the slope of the entire set of normalized Fourier amplitudes recorded at multiple liquid thicknesses as shown in Fig. 5.5 (b), was used to determine the attenuation coefficient We can conclude that our TDBS experimental setup based on the piezostage, is reliable and accurate for the study of ultrathin liquids presented in this work.

Time domain Brillouin scattering study of OM-CTS

From a general standpoint, OMCTS is more "adapted" for the investigation of confinement effects than glycerol. OMCTS has been extensively used as a model in SFA (Surface Force Apparatus) experiments [5,22,162], because the OMCTS molecule is relatively rigid and its dimensions are well characterized. The oblate spherical model of OMCTS has a major diameter of 1.0 nm to 1.1 nm and a minor diameter of 0.7 nm to 0.8 nm that is most often modeled as a spherical molecule. It is also widely used as a testing sample by other techniques, especially by AFM [163][164][165] for better understanding of liquid structuring. Great contributions have been made by computational modeling [166-168] that investigated confined OMCTS. Nonetheless, the information on mechanical and optical properties of this liquid, even in bulk, is very limited. As a result, the experimental information on the acoustical properties of confined OMCTS still remains missing.

Lateral TDBS measurements of OMCTS

The first intricacy that we have faced was the absence of available information on the speed of sound and acoustic attenuation of bulk liquid OMCTS at high frequencies, in the GHz frequency range. Therefore the prevailing task for us was to experimentally determine these quantities. As it was shown earlier, the lateral measurements and the piezo stage measurements are suitable to ascertain these parameters with high accuracy. Thus, firstly, we have performed the same TDBS lateral experiments as for glycerol in Section 5.3).

TDBS data sets for a sample that consisted of a n-dopped Silicon substrate holding a 40 nm of Chromium film, a thin liquid film of OMCTS and a plano-convex lens with antireflection coating (ROC = 386 mm), were recorded at room temperature for multiple lateral positions X, corresponding to different liquid thicknesses. As one might notice, the 2D image is not as clear as in case of glycerol. This GHZ FREQUENCIES. RESULTS AND DISCUSSIONS Additional acoustic informations can be derived from the data displayed in The extracted value for the speed of sound at 46 GHz is about twice higher than the value obtained at 8 GHz. An increase of the speed of sound at higher frequencies can be expected, since in general materials become stiffer at higher frequencies [101], but this jump in speed of sound is unexpected.

In the following, we will describe the measurements with the use of a piezostage, in order to measure by other means the speed of sound and acoustic attenuation for thiner liquid films.

TDBS piezo measurements of ultrathin OMCTS

As for glycerol, TDBS measurements of ultrathin OMCTS with the use of a The step of the piezostage displacement was set to 10 nm in a piezo displacement range from 0 to 950 nm, and decreased to 5 nm in the piezo displacement range from 950 to 1550 nm that requires higher thickness resolution. The black curve in The derived value of the speed of sound is excessively high. The incorrectness of the extracted value may be linked to technical problems of the piezostage displacement or to additional elements on the system influencing the TDBS phase (slight variation of the temperature of the sample holder, mechanical deformation of the holder...). Or it could be simply caused by impurities in the liquid. Unfortunately, this zone is the more interesting for us, a zone where we could observe molecular ordering.

We can observe as well in Fig. 5.8 (b) a region from ∼1200 to 1550 nm displacements with a slight gradual phase slope. In contrast to the case with glycerol as in Fig. 5.4, where the phase of the Brillouin oscillations detected in the lens stops varying from the moment when the lens and the generation substrate are in contact, in this case the phase keeps changing monotonically during the so-called contact zone. That means that the lens and the generation substrate are still not in direct contact and there remains some liquid molecules trapped in between. We assume that this zone may point out to a phenomenon known as jamming. When molecules or particles become locked in a nonequilibrium configuration, they are said to become jammed. The molecules can remain squeezed in between two surfaces, but be more compressed. The jamming state can be ordered as well as disordered. Jamming is ultimately a result of insufficient "excluded volume" available for molecules or particles to rearrange. This volume has to exceed that of "random loose packing" for the molecules to be able to adopt a new structure [START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF]. GHZ FREQUENCIES. RESULTS AND DISCUSSIONS In spite of great suitability for confinement effect investigations, we have encountered several problems while using the OMCTS as a sample. In particular, we are dealing with the propagation of acoustic waves which are very attenuated in OMCTS in the GHz frequency range, that aggravate the experimental and analytical issues and makes even more challenging the pump-probe investigation of confinement effects in such prototype sample. The properties of 8 CB in bulk or confined in a narrow gap have been widely studied through light scattering, X-ray, dielectric, and calorimetric spectroscopic analysis by various authors [171][172][173][174][175]. Nonetheless, there is barely any information about mechanical properties of this LC, in which we are interested (speed of sound and attenuation of the acoustic waves). Thus, our initial challenge was to investigate different phases of 8 CB with our experimental setup and to check whether it is doable to distinguish them from TDBS. As physically expected, the most common examples of phase transitions involve a transformation from an ordered (lower symmetry) phase to a relatively disordered (higher symmetry) phase (or vice versa) as the transition temperature is crossed, thus the propagation of the acoustic waves through "ordered"

and "disordered" phases of 8 CB should differ (the speed of sound and the attenuation of acoustic waves should vary).

Investigation of 8 CB liquid crystals phase transitions

To achieve this point, we have performed temperature dependent measurements of 8 CB at several temperatures that correspond to each phase of 8 CB. The sample was placed in a temperature controlled stage Linkam (HFS600, Linkam Scientific Instr.)

that allows to heat up the sample up to 600 • C and cool down up to -196 • C. The Linkam stage is schematically presented in Fig. 5.9. In general this stage is used in horizontal position and we had to make some modifications on the Linkam stage to adapt our sample cell holder and to properly fix the generation substrate and the lens vertically. The generation substrate is placed on the silver heating element, which is located at the center of the Linkam chamber. Then a small amount of 8 CB is deposited on the generation substrate and covered by a plano-convex lens. On the sides we installed two quite strong permanent magnets that hold an arched piece of metal (called lens holder in Fig. 5.9) with a hole at the center, that covers the lens. Such Figure 5.9. Schematic sketch of the temperature controlled stage Linkam. The generation substrate is placed on the silver heating element, which is located at the center of the Linkam chamber. Then a small amount of 8 CB is deposited on the generation substrate and covered by a plano-convex lens. An arched piece of metal with a hole at the center covers the lens in order to tightly fix the sample cell. Afterwards the Linkam chamber is enclosed with a protective cover with a large glass window. The Linkam stage is connected to the temperature controller via connector ( 2), the nitrogen cooling connections from valve ( 1) and the purging on valve (3,4,5). GHZ FREQUENCIES. RESULTS AND DISCUSSIONS system can be easily placed vertically and prevent any sample cell movements/liquid thickness changes/liquid outflow etc. As soon as the sample is ready for the TDBS measurements, the Linkam chamber is enclosed with protective cover with a large glass window, through which pump and probe pulses are transmitted. Next, the Linkam stage is fixed on the three-dimensional stage. After establishment of all connections (electronics, computer control, cooling, purging), the system should be purged. For that, we heat up the sample chamber to 40 • C and hold the sample at this temperature during the purging process. This temperature controlled stage ensures the temperature stability less than 0.1 • C. The purging method, that we have employed, uses recycled nitrogen gas produced by the cooling system. The nitrogen gas flowing through the sample chamber mixes with residual air inside the sample chamber, and the air inside is being diluted with nitrogen gas. After purging, all connectors are blocked to avoid the air contamination by ambient gases of the laboratory. Then the sample is ready for TDBS measurements.

Since we are obliged to heat up the sample chamber for stage purging, the measurements, presented below, were performed from the highest to the lowest tem- Cooling the liquid down to T = 306.5 K leads to Isotropic-to-Nematic phase transition.

The nematic phase is the simplest liquid crystal phase. In this phase the molecules maintain a preferred orientational direction as they diffuse throughout the sample. In GHZ FREQUENCIES. RESULTS AND DISCUSSIONS With the subsequent slow decrease in temperature, we observe the existence of This value is of the same order of magnitude as for some solids. However, we do not exclude that this may be a sign of liquid structuring. In the third zone (III), the low-frequency and high-frequency acoustic waves are detected. This zone corresponds to bulk 8 CB in smectic phase. From the phase shift we extracted the value of speed This confinement may lead to the ordering of LC molecules and the detected Brillouin frequency corresponds to crystalline, "ordered" phase of 8 CB. At the beggining of piezo measurements, the liquid is a few microns thick, in "bulk" state and the liquid is perturbed at each step motion of the piezostage. For this reason we believe that the detected Brillouin frequency corresponds to smectic phase for piezo measurements.

Secondly, the speed of sound and acoustic attenuation coefficients at 46 GHz frequency are different too between lateral and piezo TDBS measurements. From our interpretation, it is linked to the initial phase of the liquid and the position of liquid molecules with respect to the surfaces. Since the molecules of 8 CB are rod-like, they can be perpendicularly, parallel aligned or tilted to the surface.

Conclusion

In this chapter we have demonstrated the extensive measurements for liquids of large range of thickness, from few microns to few nanometers. The method is examined under two different modes: lateral measurements for the sample cell using the flat- 

Conclusions and outlook

In this work we used the picosecond laser ultrasonics technique to investigate thermal and mechanical properties of liquids at GHz frequencies, from bulk liquids to ultrathin Three different liquids, glycerol, OMCTS and liquid crystal 8 CB were investigated with different sizes, shapes and nature of the molecules. These three liquids are dissimilar, thus they may behave differently in nanoconfinement. Some molecules can be attached stronger to the surface, some of them weaker. We observed various behaviours of liquids in ultrathin "regime". From our assumption, the measured difference can be explained by interaction of liquid molecules with confining solid boundaries.

This effect is negligible in case of glycerol, and most prominent for OMCTS. We suppose that the molecules can be stuck between two confining surfaces. As soon as the lens touches the generation substrate, the few molecules could stay trapped between two solid boundaries and with further piezostage displacement, the lens squeeze them more and more. This might lead to the effect of molecules jamming. We are looking forward to more studies to explain this behaviour quantitatively.

Nonetheless, our technique of TDBS offers substantial advantages since the frequencies are much higher compared with frequencies available by other techniques used for the investigation of confined liquids and interfacial effects. This pioneering TDBS experimental scheme is a first step towards the investigation of confined liquids measured by GHz ultrasonic probing. nematic phase. The nematic phase is identified by molecules without positional order but with orientational order. That means that the molecules tend to point in the same direction defined by the unit vector n (called the director). Subsequent cooling leads to the next phase transition. Nematic phase evolves into smectic phase. The smectic phase is another mesophase of LC with increased order compared to nematic. This phase is closer to solid -like state because the molecules show a degree of translation order and align in layers or planes. These layers can slide over one to another. There are many distinct smectic phases. For example, in the smectic A phase, the molecules are oriented along the normal of the layer, while in the smectic C phase they are tilted away from it. These phases are liquid-like within the layers.The smectic B phase (not presented on the scheme) orients with the director perpendicular to the smectic plane, but the molecules are arranged into a network of hexagons within the layer. This phase manifests as a lamellar phase having apparent similarities with traditional crystalline solids. And with further cooling, eventually the crystalline state is recovered. A.2 Distribution functions of molecules by orientation and order parameter

The translational and orientational degrees of freedom affect each other, but in many cases, most often for simplicity, they can be considered separately [START_REF] Yang | Fundamentals of Liquid Crystal Devices[END_REF]184].

For example, in the nematic or isotropic phase, where there is no translational order, and the local densityρ is constant, for the distribution function of molecules in space P , we can put P (r, Ω) = ρP (Ω). In the general case, the single-particle distribution function P(r, Ω) determines the probability of finding a molecule with orientation Ω at the point r, and includes all three Euler angles ψ, φ and θ, as shown in For a nematic phase with a constant local density ρ, it is assumed that P(r, Ω) = ρP(Ω), and the probability P(Ω) does not depend on the positions of other molecules [190]. In the Cartesian coordinates (xyz), the z axis is chosen as the principal, which usually coincides with one of the symmetry axes of the molecular system. For the nematic phase, the rotational axis coincides with the axis of the preferred orientation of the molecules, with the director n [START_REF] De Gennes | The Physics of Liquid Crystals[END_REF]. If the nematic does not interact with the environment, the director can take any direction, and its rotation by external influences does not require any energy. The direction of the director can be fixed by a very weak magnetic or electric field or by interaction with the surfaces that limit the sample. In The probability to find a molecule oriented within a solid angle dΩ is given by: f (Ω, dΩ) = f (φ, θ, ψ)sin(θ)dφdθdψ, (A.1)

where f (Ω) is the distribution function describing the general state of molecular orientation. The probability to find a molecule in any of the orientational states is equal to 1. For the isotropic phase of LC f (φ, θ, ψ)dψ) = const, and after integration of Eq. (A.1) we obtain f (φ, θ, ψ)dψ) iso = 1/8π 2 [188, 191]. For uniaxial phases such as the nematic or smectic-A phases, according to the symmetry, the distribution of the molecules does not depend on the precession angle φ = const, but the dependence on the rotation angle ψ is retained. Below we consider uniaxial phases with molecules having axial symmetry (in the form of rods). Such molecules either have their original symmetry group with a rotational axis of infinite order or, more often, are simply considered as physical objects of the rod-like shape, which was obtained through free rotation around its γ axes [192]. In this case, f (Ω) does not depend not only on φ, but also on ψ: f = f (θ)/4π 2 . Additionally, f (θ) = f (π -θ). From In general, f (θ) can be expanded as a sum of the Legendre polynomials [188,192] and the scalar order parameter, S is defined by the quadrupolar term: Here, P 2 (cosθ) is the 2 nd Legendre polynomial. (More detailed calculations can be found in the above-mentioned references [START_REF] De Gennes | The Physics of Liquid Crystals[END_REF]184,[186][187][188][189]192]) It describes the quadrupole orientational order and is quite suitable for the role of the orientational order parameter of a nonpolar nematic. The scalar order parameter consequently lies within the interval -1/2 S 2 1. For the perfect nematic with molecular axis strictly parallel to each other (all molecules along the director) P 2 (cosθ) = 1 and S 2 = 1.

For completely disordered molecules in a volume P 2 (cosθ) = 1/3, S 2 = 0, which corresponds to the situation of maximum symmetry of the isotropic phase with no order. The negative value of the lower bound, -1/2, signifies the theoretical ordered state along a plane perpendicular to the director.

The order parameter S 2 can be found by measuring the anisotropy of the magnetic susceptibility, optical dichroism and birefringence, as well as NMR spectra.

A.3 Phase transitions

In liquid crystals, when the temperature, pressure, or the ratio of the components in the mixture change, transitions occur between different phases [170]. Phase transitions are divided into two groups, the first and the second order, and are accompanied by interesting pre-transition phenomena. The phenomenological Landau theory or molecular statistical approaches are usually used to describe phase transitions [193].

In the following we only consider a transition as a function of temperature [194]. Thereafter, we consider phase transitions between the isotropic and nematic phases and also between the nematic and smectic A phases.

A.3.1 A. Isotropic to nematic phase transition

From the experiments few facts are known about this phase transition:

• There is a very small jump in density at the phase transition point T = T N I , about 0.3%. Consequently, the density should be considered as a constant;

• As it was shown, the order parameter is not symmetric, its magnitude varies. Accordingly, it is the first order phase transition;

• It is necessary to take into account the tensor character of the order parameter.

Taking this features into account, the Landau-de Gennes theory for the free energy density at the phase transition to the nematic phase has the form: In terms of the director n, the free energy density of distortions can be expressed in the Frank -Oseen form: But for us, the most interesting is the contact of a nematic liquid crystal with a solid substrate, since in most of our experiments the LC is limited by two solid boundaries. The interaction of LCs with substrates leads to many interesting and important effects, such as a change in the long-range order parameter, the appearance of a short-range translational order, the appearance of dipole surface layers, and others.

F N = F ISO + 1 2 AQ αβ Q βα - 1 3 BQ αβ Q βγ Q γα + 1 4 C(Q αβ Q βα ) 2 (A.3)
F F O d = 1 2 K 1 (∇ • n) 2 + 1 2 K 1 [ n • (∇ × n)] 2 + 1 2 K 1 [ n × (∇ × n)] 2 (A.
Almost any surface causes the director n to orient in a specific direction near the surface [199]. The molecules alignment at surfaces propagates over macroscopic distances. Due to the deformations of LCs there are deviations of the director from the "easy axis" (equilibrium state of n) in the areas adjacent to the surfaces [START_REF] Yang | Fundamentals of Liquid Crystal Devices[END_REF]. To orient the LC, it is necessary to treat the surface in some way. All procedures of solid substrate treatment can be roughly divided into two major groups: mechanical treatment and chemical treatment. Most often for the planar orientation of the director on the surface, a mechanical rubbing of the substrate is used. In the technology of displays, special machines with brushes rotating at a certain speed and controlled pressure are used, but for laboratory experiments the simplest way is to rub the surface manually with a clean cloth. The technique of rubbing is very simple, it provides sufficient energy of adhesion of the director to the surface. To obtain tilted orientation of the director with a given angle on the surface, a method of vacuum deposition of silicon oxide can be used. In this case it is necessary to vary the angle between the normal to the surface of the substrate and the direction to the SiO source rather finely.

In addition, the director can be tilted by irradiating the photosensitive films with an oblique incident light beam, polarized or unpolarized. In order to get homeotropic orientation substrates can be washed with surfactant, lecithin for example.

Previously we have seen that the LC can be easily oriented due to surface interactions. But in addition to this, LC can be oriented by magnetic fields if the mesogen has a strong magnetic moment and LC can be easily oriented by an external electric field if the mesogen has an electric dipole moment [200]. When weak magnetic or electric field are applied to the liquid crystal, the initial effect of the field is to raise the transition temperature. For a strong enough field, no transition at all will be observed. Step-by-step sample assembly This sample geometry is more easy to install but still requires a good accuracy and precision. The first step is to fix the aluminum piezo holder on top of the three-axis manual stage. The holder should be well aligned to this stage. The flat generation substrate, small enough to fit into the hole in the holder, is glued on the piezo screw. Then the screw is fixed on the piezo cylinder.

One of the main disadvantages of this piezo actuator is related to its fragility. The screw can not be fixed completely in the cylinder because it can easily break the piezo actuator. Consequently, the screw is not tight completely and can move slightly, which is completely inappropriate for our measurements with ultrathin liquids. Another disadvantage concerns the size of the screw head. The area on which the generation substrate may be glued is about 0.15 cm 2 that is extremely small. The size of the generation substrate is limited by the screw head surface but also by the diameter of the hole on the piezo holder. Afterwards the cylinder with all components is placed in the hole and screwed from the side. Then a small drop of liquid under study is injected on the transducer film and squeezed by the lens from the opposite side. The next step consists in strengthening the lens and the lens holder in such a way that the contact of the lens is aligned on the generation substrate. The lens holder is fasten 

Optical derivative by means of a pulse shaker

In order to perform the optical derivative in a proper manner, several modifications of the current experimental setup described in the previous Chapters were n o = 1.46, n e = 1.59 (at 600 nm, confined) [62] * -this work.

The penetration depth of Cr for the laser light with a wavelength of 790 nm was estimated to be δ = 18 nm based on the absorption coefficient of α = 5.49•10 
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Abstract

The phenomenon of liquid structuring near interfaces is related to the liquid/interface interaction forces at distances of some molecular dimensions. Despite the fact that this universal structuring effect plays a key role in various fields such as heat transport, particle transport through biological membranes, nanofluidics, microbiology and nanorheology, the experimental investigation of liquid structuring remains challenging. The aim of this PhD thesis is the experimental study of the structuring/ordering of liquids at nanoscale distances from their interfaces with solids. In this context, we have adapted the experimental technique of picosecond laser ultrasonics to investigate high-frequency longitudinal acoustic properties of ultrathin liquids (glycerol, OMCTS, liquid crystals) confined between solid surfaces of different types. At first, we will present results of timedomain Brillouin scattering (TDBS) used to determine the temperature distribution profile in the investigated liquid volume which can be extrapolated to nanometer dimensions. Results for the evolution of the extracted Brillouin scattering frequencies and attenuation rates recorded at different laser powers give insight to the intrinsic relationship between thermal and mechanical properties of liquids. Second, we will describe our results for the measurements of mechanical properties of ultrathin liquids with nanometric resolution. Fourier analysis of the recorded TDBS signals for different liquid thicknesses yield the value of the longitudinal speed of sound and attenuation at GHz frequencies. These are compared to the results of separate measurements of bulk liquids at ambient temperature. This novel TDBS experimental scheme is a first step towards the understanding of confined liquids measured by GHz ultrasonic probing.
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Investigation des propriétés thermiques et mécaniques de liquides ultra-minces aux fréquences GHz
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 1 Figure 1. Les Shadoks is an animated television series created by French cartoonist Jacques Rouxel which caused a sensation in France when it was first broadcast in 1968 -1974.
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 21 Mechanism of liquid structuring/ordering near the solid surface Let us consider the example depicted in Fig.1.1 (a, b, c). The liquid is placed in between two flat solid boundaries with smooth surfaces and time by time the force is applied normally to the surfaces to confine the liquid down to the molecular size.
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 12 Figure 1.2. Schematic diagram of the local density of a liquid composed of spherical particles, plotted against the distance between two solid boundaries.The tendency to order in layers parallel to the boundaries is indicated by a decaying oscillations with a period of about a particle diameter. This differs from the radial distribution function of a bulk liquid in the sense that degrees of order and disorder parallel to the boundary are possible in bulk.

  Despite a large variety of liquids, in latter years, the researchers over the world have become engaged in answering the question -what happens in confined configuration with LC, particularly interesting, both from practical and fundamental reasons, how their properties are changing under confinement? Liquid crystals are very in-CHAPTER 1. THEORETICAL CONSIDERATIONS ONCONFINEMENT EFFECTS IN LIQUIDS
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 13 Photon correlation
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 21 Figure 2.1. Schematic representation of the picosecond laser ultrasonics technique.When a pump pulse is incident on a metal surface, part of the optical energy is absorbed and converted into the heat which results in a lattice temperature rise leading to a thermal stress that launches a strain pulse. The strain pulse arriving at the interface between the thin metal film and the substrate is partially reflected back to the transducer film and partially transmitted into the substrate. The strain pulses returning to the surface from the interface are detected as a series of echoes by the delayed probe pulse(a). The strain pulses propagating through the optically transparent substrate can be detected via time-domain Brillouin scattering by the delayed probe pulse(b).
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 22 Figure 2.2. (a) Sketch of the experiment. (b) Calculated longitudinal strain distribution η zz at different times after excitation at t = 0 of a metal film free surface from an ultrashort pump pulse (with ζ 0 being the optical absorption length and c l the longitudinal speed of sound). Acoustic diffraction and any electron and thermal diffusion processes are neglected. (c) Schematic shape of the acoustic strain pulse after being transmitted from a thin transducer film of thickness d into a substrate. R 12 corresponds to the acoustic reflection coefficient of the transducer-substrate interface, d ′ is the characteristic spatial extension of the strain modulation in the substrate, η ′ 0 is the amplitude of the firstly transmitted strain front.
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 23 Figure 2.3. (a) Schematic representation of a multilayer system and (b) graphical description of the strain propagation through the multilayer system at different times.Initially the optical pump pulse is absorbed in the metallic film, launching a stress that is split into two parts, one part η + propagates in the +z direction, the other one η -in the -z direction. At some time (t > 0 ps), η + is transmitted directly into medium 2 with small losses at interface 1-2 because of the acoustic reflection. The overall strain detected in medium 3 (at time moment t > t 3 ) is the superposition of the fastest strain front of maximum amplitude followed by a small part of the strain that was reflected at the interface 1-0 and transmitted to medium 2 and medium 3. (c) Schematic view of the spatial acoustic strain profile in the different media Si, Cr, Glycerol and SiO 2 analogous to the multilayer structure used in our experiments described in the next chapters. By passing from one medium to another with different speeds of sound and acoustic impedances, the strain undergoes spatial modifications of its shape in order to maintain its temporal duration.
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 2424 Figure 2.4. Transient reflectivity change of several Cr/SiO 2 samples of different Cr thicknesses. The inset shows the experimental single layer system. Upon laser generation in the Cr film, the acoustic strain is transmitted into the adjacent SiO 2 substrate where it is detected by delayed light probe pulses through Brillouin light scattering. The time oscillations at the frequency f = 41 GHz correspond to the Brillouin frequency in SiO 2 .

CHAPTER 2 .

 2 Fig. 2.1.2 (a). A pump laser beam generates an acoustic wavepacket at the transducer film that propagates deep into the substrate at the speed of sound c. A time delayed probe beam gets reflected at the transducer film and scattered by the propagating acoustic wavepacket. Depending on the distance from the transducer -wavepacket, the reflected probe beams may either interfere constructively or destructively with each other. This effect manifests itself in the time domain as an oscillatory interferometric modulation of the total reflected intensity as a fonction of time, seeFig. 2.1.2 (b). The analysis of the Brillouin signal can give information on the speed of sound and on the attenuation of the acoustic waves in the substrate.
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 20 Figure 2.5. (a) Principle of time-domain Brillouin light scattering process. The acoustic wavepacket generated at the transducer film by the pump pulse propagates through the substrate at the speed of sound c. The probe light beam obliquely incident at some angle θ to the surface gets scattered several times by the acoustic wave due to acoustically induced changes in the refractive index. The reflected and scattered probe beams interfere constructively or destructively. (b) Brillouin signal obtained from a 100 nm Chromium film on a SiO 2 substrate. The inset presents the fast Fourier transform (FFT) of the signal showing a peak centered at 41 GHz, that corresponds to the Brillouin scattering frequency in SiO 2 .
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 26 Figure 2.6. Schematic representation of our experimental multilayer liquid system.The liquid is confined between two solid media, the transducer film coated on the substrate on one side and the transparent detection substrate on the other side. The probe pulse is considered being at normal incidence to the sample surface or the plane of the acoustic waves. The acoustic wavepacket is generated by a pump pulse at the transducer film, then propagates in the +z direction across the liquid film and after transmission to the detection substrate, it is detected by time-domain Brillouin scattering. δ ac denotes the acoustic wave that propagates away from the transducer -liquid interface. E in is the incoming electric field of the probe pulse and E + B is a small portion of the backscattered E in . E B,1 , E B,2 represent backscattered portions of the electric field reflected by the transducer film E out,1 . Some portion of the reflected electric field E out,1 makes few round-trips in the liquid film before being transmitted to the detection substrate. All these electric fields superimpose and interfere with each other and produce a Brillouin scattering interferometric signal.

  38) is linked to α 1 which is the attenuation coefficient in the liquid film of the acoustic waves. Thus, the Fourier amplitude I ac (ν 2,B ) of the measured Brillouin signal in the detection substrate enables the measurement of the acoustic attenuation in the liquid film at the Brillouin frequency, even thought the detection occurs in the detection substrate. The intensity of the reflected probe light from the Fabry-Perot cavity also depends on the liquid thickness in Eq.(2.26) since R depends on the cavity thickness d. It is responsible for the heterodyning at the Brillouin frequency ν 2,B and the optical cavity effect has an influence on the amplitude of the measured signal. Thus, the Fourier amplitude of the Fourier transformed measured signal in the detection substrate, I ac , at the Brillouin frequency ν 2,B , involves both contributions:
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 28 Figure 2.8. Sketch of operation principle of the AOM. The AOM is based on the interaction of sound (RF) and light in a crystalline material (TeO 2). An acoustic wave is generated in the crystal by applying a RF drive signal to a piezo-electric transducer. A modulated acoustic wave propagates in the AO cell and creates areas of compression and rarefraction, causing a refractive index perturbation i.e. an acoustic grating. "0" and "1" orders are respectively the direct beam through the cell and the beam diffracted by the acoustic diffraction grating.
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 29 Figure2.9. Sketch of the compact Death Star pulse shaper. The pump beam is introduced in the system of three mirrors (two of them are mounted on a translation stage) and a partial reflector and makes several round trips in this system, each time slightly displaced relatively to the previous pulse. The partial reflector has seven optical windows with different partial reflectivities, whereby we get seven pump pulses at the output. To compensate the time delay between each of the seven pulses traveling with different distances in the system, two parallel mirrors are set to compensate the round trip length in the circulating system. The seven pump pulses are then focused with a lens on the sample surface.
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 211 Figure 2.11. Illustration of the optical second harmonic generation process. An incident beam at a wavelength of 790 nm is focused into a BBO crystal. A fraction of the incident light is converted into light at the double frequency, leading to a blue beam at a wavelength of 395 nm. The 395 nm light is then filtered out.
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 212 Figure 2.12. Brief illustration of the polarisation change occurring with the combination of a PBS and a quarter waveplate. The transmitted light from the PBS passes through the quarter waveplate, changing its polarization from linear to circular and reflects from the sample. After passing twice through the quarter waveplate, the probe polarization direction becomes vertical and the probe is reflected by the PBS.
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 214 Figure 2.14. Scheme of the 2D imaging setup for illumination the sample surface by the femtosecond probe beam.

  photodiode arm by the half waveplate to minimise the laser noise or other type of noise identical on both photodiodes. Since only the second photodiode contains the signal, it does not get filtered out from this procedure that can increase the signal-tonoise by several orders of magnitude. Synchronous detection is indispensable for such type of sensitive measurements because the detected signal are extremely weak and are disturbed by external factors such as vibrations, airflow, electronic fluctuations, laser

  which is the modulation frequency of the pump light by the AOM. Thus the mixer output a DC component and another component at 2f frequency which is filtered by means of an adjustable low pass filter. In addition the lock-in integrates the mixer output to remove all remaining frequency components and to retrieve the DC component which is the true signal linked to the measurement. The entire principle of mixing and low pass filtering is called the phase sensitive detection or demodulation. The time constant of the time integration of the lock-in is an important parameter that has to be set accordingly to the motion of the delay line in order to obtain a reasonable acquisition time of the full scan and a reliable signal-to-noise. The output signal of the lock-in amplifier is sent via GPIB from a National Instruments T M GPIB-USB card on common Windows-PC. A homemade data acquisition program in LabView (or earlier in Agilent) controls the motion of the delay stage with an ethernet port and records the measured signal sent on the GPIB-USB card which are shown on the display of the monitor. The sophisticated LabView program controls several motor stages and the piezocontroler as well, see in 3.3, which enables lateral scanning and rastening of the sample surface, and extremely precise modification of the liquid thickness from the piezocontroler.

  Figure 3.1. A liquid sample is sandwiched between two substrates that hold the liquid layer. Depending on the liquid thickness, the acoustic wavepacket generated in the metal transducer thin film may be detected either in the liquid or in the detection substrate by time-domain Brillouin scattering.

  of liquids -glycerol (C 3 H 8 O 3 ), octamethylcyclotetrasiloxane (OMCTS, C 8 H 24 O 4 Si 4 ) and liquid crystal 4 -N -octyl -CyanoBiphenyl (8CB, C 21 H 26 N). Each of these liquids present an interest either for fundamental research or for applications. A short description of these liquids is presented in the following.
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 32 Figure 3.2. The molecule of Glycerol.
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 333 Figure 3.3. 2D representation of the OMCTS molecule.

  Figure 3.5. The curved-flat experimental setup of the Newton's rings. The liquid is squeezed in between the curved surface and the flat surface.
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 24 Impact of the surface roughness on the measurements Since all measurements have been performed for ultrathin liquids, the surface quality is very critical. Especially, if the roughness is bigger than the molecule size, it may add a substantial thickness uncertainty and alter the liquid structuration near the solid-liquid interface. Fig.3.6 provides a schematic view of the influence of the surface roughness on the liquid topography and structuration. If the roughness of one of the solid surfaces is bigger than the molecule size, the number of liquid layers at different positions is different. Similarly, if some dust particles or impurities are present on the surfaces or in the liquid, this will modify the number of molecule layers perpendicular
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 36 Figure 3.6. Simplified visual presentation of the impact of the surface roughness and of the presence of impurities on the molecules distribution.

  example of a flat-curved liquid sample cell is shown in Fig. 3.7(a). The lower left hand image of Fig. 3.7(b) shows the Newton's rings recorded on the 2D imaging setup. The lower right hand image of Fig. 3.7(c) shows the variation of the liquid thickness across the lens.
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 37 Figure 3.7. (a) Sketch of the flat-curved sample cell configuration. (b) Recorded image showing the Newton's interference rings. (c) Variation of the liquid film thickness at different lateral positions. The thickness variation is very small close to the center and rapidly increases away from the contact zone.
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 38 Figure 3.8. Schematic representation of the experimental sample cell. Part A: A liquid is sandwiched between a flat generation substrate holding a transducer and a planoconvex lens. Part B permits z-axis rough and ultra-precise displacements to control the liquid thickness variation. It consists of a motorized linear stage that changes the distance between the two holders of Part A with a 0.1 µm accuracy and a piezostage which vary the liquid film thickness with a nanometric resolution. Part C is a 3D stage that serves for lateral measurements along x-axis or y-axis.

4. 1

 1 Nonequilibrium heating of Chromium films by ultrashort laser pulses Nonequilibrium dynamics of the electron gas in metals illuminated by ultrashort laser pulses has been an area of intense research during the last couple of decades [118-123]. With the advent of femtosecond laser pulses, direct experimental studies of fundamental processes such as electron-electron scattering and electronphonon interaction in metals have become possible [124-129]. Commonly known, laser illumination of thin metal films leads to local heating of the film, which in turns leads to the excitation of acoustic waves through a transient thermoelastic process. Laser heating of metals involves three general steps, as sketched in Fig. 4.1: the supply of laser energy to electrons (the free electrons absorb energy from the laser light); the reaching of thermal equilibrium by electrons and the density of states is now represented by the Fermi distribution (but the electrons and the lattice are still at two different temperatures, and heat transfer is mainly due to diffusion of the hot elec-

Figure 4 . 1 .

 41 Figure 4.1. Three steps of optically excited electrons in metals. (a) Absorption of the energy deposited by laser illumination within the optical penetration depth generates at t = 0 s nonequilibrium electrons which move with ballistic velocities (∼ 10 6 m/s) deep into the sample. (b) Due to electron -electron collisions electrons equilibrates at t = τ th forming a Fermi distribution with a well defined electron temperature T el . Heat transfer starts due to diffusion of hot electrons. (c) At t = τ el-ph the electrons come into equilibrium with the lattice via electron -phonon coupling. Then the energy propagates across the media through lattice thermal diffusion. Adapted from [127].

2

 2 Transient reflectivity of laser excited Chromium filmsTransient reflectivity measurements were performed at room temperature using the optical setup described in the previous chapters and with a sample structure depicted in Fig.4.2. The Chromium film of 40 nm thickness was deposited on ndoped Silicon substrate by thermal evaporation. We recall that the laser excitation and detection wavelengths are 790 nm and 395 nm, respectively. Optical pump pulses of 200 fs duration (full width at half maximum (FWHM)) were focused onto a 100 µm spot on the sample surface. The experiments were performed at a laser repetition rate of 260 kHz. The pump beam was modulated at 41 kHz and its fluence was varied between 0.5 and 8.5 mJ•cm -2 while the probe beam fluence was fixed at 0.15 mJ•cm -2 .Transient reflectivity measurements performed as a function of pump-probe time delay are shown in Fig.4.3 (a). The time resolved response of the sample reflectivity change consists of two components. We observe a fast rise at time zero, followed by a slow decay that lasts over several hundreds of picoseconds. In all cases, the initial abrupt reflectivity change is attributed to the excitation and subsequent thermalization and cooling of metal free electrons (since the specific heat capacity of the electrons is low, the electronic temperature increases rapidly in a very short period of time): following laser excitation the initially excited non-thermal electrons thermalize through electronelectron and electron-phonon interactions. The reflectivity signals decay as thermal

Figure 4 . 2 .

 42 Figure 4.2. Sketch of the sample structure. A thin Chromium layer is deposited on a Silicon substrate. Optical pump pulses excite the Chromium film and create nonequilibrium electrons that transfer their energy with the lattice accordingly to the TTM model. The thermalization of the electrons and the lattice is probed optically by a delayed probe pulse that measures the transient optical reflectivity of the Chromium layer.

Figure 4 . 3 .

 43 Figure 4.3. (a) Normalized transient reflectivity signals obtained in the configuration depicted in Fig. 4.2 at different pump fluences. The shape of the signals varies depending on the pump fluence due to the nonlinear laser excitation and thermalization process. Fluence dependence of the raw (a) or normalized (b) transient reflectivity signals at 0 ps and 620 ps.

  work of ultrafast science, ranging from metals through the investigation of electronphonon coupling, semi-conductors, insulators, gases, liquids and at solid-liquid-gas interfaces. Such investigations are often based on a femtosecond pump-probe technique in which the change in reflectivity of the sample following the partial absorption of a femtosecond laser pulse is monitored by a time delayed probe which is optically sensitive to the transient change in sample temperature. Recorded waveforms are then analyzed and compared to models to retrieve the thermal characteristics of the sample, such as thermal conduction, diffusivity or even Kapitza interfacial thermal resistance[134][135][136][137][138]. Similarly, time resolved photoacoustics implies ultrafast lasers to optically excite and detect ultrasound in a variety of materials. In this situation, well suited for the investigation of mechanical properties of ultrathin solid or liquid samples, the occurrence of time-domain Brillouin scattering (TDBS) phenomena in transparent materials has been used to investigate viscoelastic properties of matter at ultrasound GHz to THz frequencies[99]. Recently, several examples have shown that TDBS is sensitive to diverse phenomena, including spatial mechanical, optical or acousto-optical inhomogeneities[139][140][141][142][143][144][145], non-linear acoustic waves or weak shock waves[85, 146],

4. 2 . 1

 21 Temperature dependent measurements for glycerol and OMCTS. Temperature calibration Since a temperature change influences both the speed of sound and the index of refraction, Brillouin frequency is temperature dependent[87]. The effect of sample heating from the laser itself, used for the Brillouin measurement, may give erroneous estimates in the determination of the mechanical parameters such as speed of sound and attenuation of the acoustic waves in the liquids of interest. For a better understanding of the behavior of a liquid under cumulative laser heating and in order to retrieve accurate results concerning the viscoelastic properties of liquids measured through TDBS, we have performed different sets of measurements to calibrate the laser induced temperature modification in different liquids and sample configurations.

Figure 4 . 4 .

 44 Figure4.4. Sketch of the sample holder designed for use in a cryostat chamber. The liquid is squeezed between two substrates -flat generation substrate and the lens which are placed in a copper holder. The whole construction is attached to a heat sink of a cryostat. Two temperature sensors are placed to control the temperature of the cryostat chamber (sensor A) and of the sample (sensor B). Reprint from[87].

  3.1. The liquid under study was squeezed between a flat n-doped Silicon substrate, that holds a 40 nm Chromium film, deposited by thermal evaporation technique, and a planoconvex lens with antireflection coating (supplied by Thorlabs). The thickness was well over 10 microns. The studied liquids were glycerol (Acros Organics R , 99+% purity) and OMCTS (Fluka R , 99+% purity), forced through several linked 0.2 µm teflon millipore filters to remove dust particles for the injection of the liquid into the sample holder cell, see Fig. 4.4. The liquid sample cell was then transferred to a cryostat and the sample chamber was immediately evacuated, because both liquids are extremely hydroscopic and can absorb up to 10 % of water. At each temperature, the sample was given sufficient time to equilibrate before data acquisition. A Peltier temperature sensor was attached on the sample holder mount, about 1 to 2 cm away from the experimental volume. All measurements shown below were obtained at sufficiently low pump fluence, since the laser pump itself can lead to the Brillouin frequency shift due to temperature rise.

  295 K to 230 K. The temperature influences the Brillouin frequency and the attenuation rate of the acoustic waves as shown in Fig.4.5 (a). As can be seen in Fig.4.5 (b), OMCTS exhibits an abrupt Brillouin frequency variation at the vicinity of 260 K, which can be assigned to a sharp crystalline to liquid phase transition[151][152][153].

Figure 4 . 5 .

 45 Figure 4.5. (a) Time derivative of recorded transient reflectivity signals obtained with OMCTS at different temperatures and at a given pump fluence 0.75 mJ.cm -2 . The time derivative was taken for better display. (b) Temperature dependent Brillouin frequency. T x indicates the liquid to crystalline phase transition temperature.

Figure 4 . 6 .

 46 Figure 4.6. (a) Time derivative of recorded transient reflectivity signals obtained in glycerol at different temperatures and at a given pump fluence of 0.75 mJ•cm -2 . The pump power for each plot is sufficiently low to neglect the impact on Brillouin frequency. The time derivative was taken for better display. (b) Temperature dependent Brillouin frequency in glycerol, from our measurements, and calculated from Comez et al. [154] and Klieber et al. [148]. The temperature calibration curves displayed in (b) can be used to estimate the absolute liquid temperature from the measured Brillouin frequency. (c) Interpolated 2D plot of TDBS in glycerol at different temperatures.

Fluence

  to the non-linear acoustic regime. It can be a consequence as well of a local temperature rise caused by cumulative heating of the sample from the multiple laser pump pulses which brings the sample into a steady state temperature regime correlated to the laser pump fluence [134-138]. Fig. 4.7 (a) and (b) displays recorded data obtained in OMCTS and glycerol at a temperature of 260 K and 230 K, respectively, as indicated by the Peltier temperature sensor, at different laser pump fluences. The sample

Figure 4 . 7 .

 47 Figure 4.7. Recorded transient reflectivity data recorded for OMCTS (a) and glycerol (b) at several pump laser fluences -i.e cumulative thermal heating temperaturesand at different temperatures of the cryostat. The Brillouin scattering frequency drastically changes in case of OMCTS from a fivefold change in laser fluence, which indicates melting mediated by the laser thermal heating. In case of glycerol, the Brillouin frequency changes by over 10% for a fivefold increase in laser pump fluence.

Figure 4 .

 4 8 shows the pump fluence dependence of the Brillouin scattering frequency for a variety of sample configurations at two different temperatures of the cryostat, 229 K and room temperature 295 K. Among the different sample configurations investigated, two samples have a 80 nm aluminum transducer film coated either on glass or sapphire substrates, two samples feature canted, molecular beam epitaxially (MBE) grown iron thin films, on either

Figure 4 . 8 .

 48 Figure 4.8. Brillouin scattering frequencies measured in glycerol at various laser fluences cause strongly different effects in cumulative sample heating for various sample structures. Different substrate materials holding different types of transducer films materials were studied. A transparent glass cover substrate and glycerol was used in all the sample configurations. Measurements on each sample assembly were made at two distinct temperatures of 229 K (a) and room temperature 295 K (b).The Brillouin scattering frequency were extracted from the recorded Brillouin scattering oscillations. The vertical temperature scales for both figures were deduced from the temperature calibration curve of Fig. 4.6 (b), as in [148]. Two inserts show measurements with Cr on glass configuration made at 230 K and 300 K. The temperature scales were deduced from our temperature calibration curve in Fig. 4.6 (b). Part of the data reprinted from [101].

Figure 4 . 9 .

 49 Figure 4.9. (a) 2D Results from simulations of cumulative heating in two different sample structures: a 50 nm iron transducer film, on either glass (Top) or sapphire (Bottom) substrate, which absorbs 39% of a laser pump pulse of 5.9 mJ.cm -2 fluence. The transparent cover substrate is glass. The resulting steady state heat distribution in a 10 microns glycerol film sandwiched between both substrates is calculated with the commercial software COMSOL Multiphysics. The glass transition temperature of glycerol T g = 186 K was chosen as the initial temperature in all the simulations. The dashed lines indicate the probe beam diameter. Data reprinted from [87]). (b) Extracted temperature distribution plot from the 2D simulations displayed in (a). Note the linear temperature distribution and the pronounced different temperature scale and gradient in each plot.

Figure 4 .

 4 Figure 4.10. (a) Recorded transient reflectivity data for glycerol at 200 K for a laser fluence of 0.75 mJ•cm -2 and fit of the experimental data. (b) Time-resolved Brillouin frequency chirp fitted from our experimental results obtained from a 40 nm chromium transducer film deposited on a silicon substrate. The Brillouin frequency up-chirp matches the temperature distribution profile in glycerol at 200 K, for several laser fluences. (c) From the fitted Brillouin frequency in (b), we have obtained the temperature distribution through the liquid thickness, accordingly to the temperature calibration curve of Fig. 4.6 (b).

Figure 4 . 11 .

 411 Figure 4.11. Schematic of the multilayer sample. A thin SiO 2 capping layer is introduced in order to thermally insulate the liquid from the laser heated Cr metallic transducer film. As before, a transparent glass cover substrate and glycerol was used in this specific sample configuration.

Figure 4 .

 4 Figure 4.12. (a) Results of the transient reflectivity signals measured in glycerol for both configurations, at a temperature of 280 K, as indicated by the Peltier temperature sensor. Evolution of the Brillouin frequency chirp coefficients ν 0 (b) and C (c) defined in Eq. (4.6) at several laser pump fluences, extracted from the transient reflectivity signals obtained in both configurations, with or without thermal insulator SiO 2 layer. The vertical temperature scale in (b) was deduced from the temperature calibration curve of Fig. 4.6 (c). A noticeable discrepancy in (a) and (b) between both configurations reveals the benefit of the SiO 2 thermal insulator which prevents the liquid from cumulative laser heating.
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 2 in particular, from Eq.(2.34), we know that the detected probe light intensity I sig , undergoes time-dependent modulation at the Brillouin frequency ν sub of the substrate material,I sig = I ac cos(2πν sub + δφ) (5.1)withI ac ∝ exp(-αd),(5.2) GHZ FREQUENCIES. RESULTS AND DISCUSSIONS δφ = 2π(ν sub -ν liq ) • d c l (ν sub ).

Fig. 5 .

 5 Fig. 5.1.Figure 5.1 (a) shows the time derivative of the measured reflectivity change

Figure 5 .Figure 5 . 1 .

 551 Fig. 5.1.Figure 5.1 (a) shows the time derivative of the measured reflectivity change for two distinct lateral positions X 1 and X 2 in a glycerol sample with a glass detection substrate. These positions correspond to two distinct liquid layer thicknesses d 2 < d 1 . Data were normalized by the electronic peak intensities before the derivatives were taken. In the following time interval between ∼ 35 to 500 ps, oscillations due to longitudinal acoustic waves in the glass detection substrate and their Fourier amplitude and phase are shown in Fig. 5.1 (b) and Fig. 5.1 (c). From these data, we determine the longitudinal acoustic parameters of the liquid at the Brillouin longitudinal acoustic frequency of the detection substrate ν sub . The ratio of the measured Fourier amplitudes, A 1 (ν sub ) and A 2 (ν sub ), allows to extract the acoustic attenuation for the liquid thickness difference ∆d = d 2 -d 1 by α s = 1 ∆d ln A 1 (ν sub ) A 2 (ν sub ) (5.5) and the speed of sound follows from the extracted phase difference δφ(ν sub ) by c l = ν sub δφ 2π∆d + 2n λ

Figure 5 . 2 .

 52 Figure 5.2. Adjustment of the liquid film thickness gap from lateral TDBS measurements. Interpolated 2D plots of several TDBS longitudinal data sets, recorded in glycerol at room temperature at different lateral positions. (a) The lens and the generation substrate are in contact. It is evidenced by flattened dark/bright fringes around the center of the horizontal axis. (b) The lens is separated from the generation substrate by a thickness gap in the range of two hundreds of nanometers of liquid. This is the perfect scenario as a starting liquid thickness gap for the piezo measurements. (c) The lens is separated by several hundreds of nanometers of liquid gap from the generation substrate. (d) Phase shifts and Fourier amplitudes of the 46 GHz Brillouin oscillations in the glass lens extracted from the Brillouin scattering data displayed in (b).

Figure 5 . 3 .

 53 Figure 5.3. (a) Interpolated 2D plot of 111 longitudinal wave data sets, recorded in glycerol at room temperature, as a function of time delay at different lateral positions X. The central part illustrates the high-frequency signal oscillations at 46 GHz that corresponds to Brillouin scattering from longitudinal acoustic waves in the N-BK7 glass lens. Side regions correspond to low-frequency signal oscillations at ∼ 21 GHz due to Brillouin scattering from longitudinal acoustic waves in liquid glycerol. In the central zone, the signal oscillations detected in the lens begin promptly. Away from the center the signal oscillations due to acoustic wave propagation in the lens are more time delayed and phase shifted. (b) Normalized acoustic amplitude and (c) normalized phase shifts of the 46 GHz signal oscillations extracted from Brillouin scattering in the lens. The extracted amplitude and phase provide the information on the acoustic attenuation coefficient α and the sound velocity c l in glycerol.

Fig. 5 .

 5 Fig. 5.4 demonstrates an example of TDBS measurements using the piezo stage. Glycerol was squeezed in a standard sample configuration consisting of a plano-convex lens (ROC = 386 mm) and a flat n-dopped Silicon substrate that holds a 40 nm Chromium film. The data were recorded at room temperature and the laser power was selected in order to avoid unwanted liquid heating. The piezostage step was set to 5 nm. Fig. 5.4 (a) shows a set of about 102 longitudinal TDBS data recorded in glycerol at different liquid thicknesses that correspond to relative different piezo displacements. Starting from an arbitrary negative values to 0 nm, we can observe high-frequency signal oscillations at ν B = 46 GHz which correspond to Brillouin scattering from longitudinal acoustic waves in the glass lens.

Figure 5 . 4 .

 54 Figure 5.4. (a) Interpolated 2D plot of 102 TDBS longitudinal data sets, recorded in glycerol at room temperature, as a function of delay time and at different liquid thicknesses. The arbitrary negative values of piezo -displacement correspond to solid-solid contac. The high-frequency signal oscillations at ν B = 46 GHz correspond to Brillouin scattering from longitudinal acoustic waves in the lens. The region from 0 to 630 nm shows large oscillations of Brillouin scattering in glycerol at ν B = 21 GHz, until the acoustic waves reach the liquid/lens interface. Then the acoustic pulse gets partially transmitted into the glass lens, as evidenced by high-frequency signal oscillations. The whight dotted line highlights the liquid/lens interface. (b) The change in liquid thickness scales linearly with the tension applied to the piezostage and is identical to the relative piezo displacement. The lens/generation substrate contact is evidenced by gray rectangle.

Figure 5 . 5 .

 55 Figure 5.5. Fourier phase shift (a) and amplitude (b) of the 46 GHz Brillouin oscillations in glass, extracted from TDBS piezo measurements with Glycerol. The raw data are presented in Fig. 5.4.

Fig. 5 .

 5 Fig. 5.6 (a) shows the set of 141 TDBS longitudinal wave data recorded with the liquid OMCTS sample. These data were recorded with X steps of about 10 µm. The central part of Fig. 5.6 (a) indicated by a red stippled line corresponds to the highfrequency Brillouin oscillations at ν substrate ≈ 46 GHz. This signal corresponds to Brillouin scattering from longitudinal acoustic waves in the N-BK7 glass lens. The low-frequency signal at ν liquid ≈ 8 GHz on the left and right sides corresponds to Brillouin scattering from longitudinal acoustic waves in OMCTS.

Figure 5 . 6 .

 56 Figure 5.6. (a) Interpolated 2D plot of 141 longitudinal wave data sets, recorded in OMCTS at room temperature, as a function of delay time, at different lateral positions X. The central part illustrates the high-frequency signal oscillations at 46 GHz that correspond to Brillouin scattering from longitudinal acoustic waves in the N-BK7 glass lens. Side regions correspond to low-frequency signal oscillations at 8 GHz due to Brillouin scattering from longitudinal acoustic waves in liquid OMCTS. On the central zone, the two substrates are in direct contact. This is evidenced by the flattened dark/clear fringes in this zone and by the negligible phase change. Signal oscillations detected in the lens begin promptly. Away from the center, the signal oscillations due to acoustic wave propagation in the lens are more delayed and phase shifted, see Fig. 5.7. Starting from X ≈ 0.35 mm, the signal oscillations arise from acoustic wave propagation in the liquid. The oblique waves on the 2D plot from 400 ps at X = 0.65 mm are consequently to the reflection of the acoustic wave from the inclined lens surface. (b) Liquid thickness topography extracted from the fit of the reflection of the acoustic wave at the liquid-lens interface, highlighted in (a) with black and white dashed lines.

Fig. 5 .

 5 Fig. 5.6 (b) reveals the computed liquid thickness topography, deduced from the extraction of the liquid-lens interface tracked on Fig. 5.6 (a) and highlighted by dark and wight dashed line. The fit of the liquid-lens thickness variation along the displacement X is performed based on Eq. (3.1). Knowing the liquid thickness topography, we can estimate the sound velocity of liquid OMCTS at 8 GHz. The extracted sound velocity value is ∼ 1330 ± 100 m•s -1 . This value cannot be compared to any others because of lack of analogue measurements in the literature.

Fig. 5 . 99 CHAPTER 5 .

 5995 Fig. 5.6 (a), from the analysis of the Fourier amplitude and phase shift of the acoustic waves detected in the lens at 46 GHz. The Fourier analysis yield values for the speed of sound and acoustic attenuation in OMCTS at 46 GHz. Fig. 5.7 displays the analysis of the Fourier amplitude and of the phase change of the acoustic wave at ν substrate ≈ 46 GHz. As it was already mentioned before, in the central zone, the lens is in direct contact to the flat generation substrate. The normalized amplitude and phase shift evidence the contact zone where the phase or the amplitude remain

  piezostage have been performed. The sample was prepared by squeezing OMCTS between an uncoated lens (ROC = 386.3 mm) and a flat Silicon substrate covered by 40 nm of Chromium. The liquid thickness gap was adjusted to several hundreds of nanometers in order to perform the TDBS piezo measurements over a relevant range of liquid thicknesses and increase the accuracy of the calculations. The experiment has been performed at room temperature and at low laser power. The data are presented in Fig. 5.8 (a). The figure displays a set of 138 TDBS longitudinal data recorded with OMCTS as a function of delay time and relative piezo displacement (the origin of the displacement is arbitrary chosen as the starting point of the measurement).

Fig. 5 .

 5 Fig. 5.8 (a) highlights the liquid/lens interface. The low-frequency signal oscillations at ∼ 8 GHz, in the displacement range from 0 to 950 nm, correspond to Brillouin scattering from longitudinal acoustic waves in OMCTS. Whereas, the high-frequency oscillations at ∼ 46 GHz, in the displacement range from 1200 to 1550 nm, correspond to Brillouin scattering from longitudinal acoustic waves in the lens. There is a wide region, from 1000 to 1200 nm, where there are no obvious oscillations on the signal and it is impossible to visualize any frequency in this region, possibly due to strong acoustic attenuation in OMCTS. The red dotted lines enclose this region in Fig.5.8 (a). From these measurements it is possible to double-check the previously found value of speed of sound at 8 GHz. First, since the Brillouin oscillations in the liquid OMCTS are well defined in Fig.5.8 (a), at the contrary with Fig.5.6 (a) where the Newton's rings hide the Brillouin oscillations in the liquid, we can use the lowfrequency Brillouin oscillations from longitudinal acoustic waves in OMCTS to retrieve the acoustic velocity in the liquid. The Brillouin scattering oscillations were fitted by
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 58 Figure 5.8. (a) Interpolated 2D plot of 138 TDBS longitudinal data sets, recorded in OMCTS at room temperature, as a function of delay time and at different piezo displacements. OMCTS is sandwiched between an uncoated lens of ROC = 386.3 mm and a flat Silicon substrate holding a 40 nm film of Chromium. The liquid thickness was varied by means of piezostage displacements. The data were recorded from thick to ultrathin liquids. The low-frequency signal oscillations at ∼ 8 GHz, in the displacement range from 0 to 400 nm, corresponds to Brillouin scattering from longitudinal acoustic waves in OMCTS. The high-frequency oscillations at ∼ 46 GHz, in the displacement range from 850 to 1550 nm, corresponds to Brillouin scattering from longitudinal acoustic waves in the lens. The red dotted lines enclose the region of poorly defined frequency. There are no significant oscillations on the raw signal, most probably due to strong acoustic attenuation in OMCTS. The black line shows the liquid/lens interface. (b) Phase shifts and (c) normalized Fourier amplitude of the 8 GHz and 46 GHz signal oscillations extracted from Brillouin scattering in bulk OMCTS and in the lens, correspondingly.
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 5 Time domain Brillouin scattering study of 8 CB liquid crystalsLC materials are well known from their unique phase transitions and thermal properties that make them useful for a number of potential applications. The liquid crystalline materials exhibit a rich variety of polymorphism. One can predict the order of stability of the different phases on a scale of increasing temperature simply by utilizing the fact that a rise in temperature leads to a progressive destruction of the molecular order. Thus, the less symmetric is the mesophase, the closer in temperature it lies to the crystalline phase[169]. This means that upon cooling the isotropic liquid, first the nematic, then the smectic phases and finally the solid/crystalline phases appear in a fixed sequence. One of the LCs, 8 CB (4-cyano 4-octylbiphenyl) with a molecular formula C 21 H 25 N, has drawn considerable attention in research regarding its prototypical thermotropic nature in phase transition studies. The shape of 8 CB molecule is rod -like with the length about 20 Å. The 8 CB in bulk shows two intermediate mesomorphic phases between the solid phase and the isotropic phase: the nematic and smectic phases. Pure 8 CB demonstrates isotropic to nematic phase transition at 313.7 K and a melting point at 294.5 K. On the other hand, the 8 CB presents a crystalline polymorphism, several phases can be obtained according to the particular heat treatment conditions. The transition between different phases corresponds to the breaking of some symmetry[170].

  peratures. Brillouin scattering data were recorded at various temperatures from a bulk 8 CB sample squeezed in between a 40 nm Chromium transducer film on a flat Silicon substrate and a plano-convex lens with a large ROC = 2060 mm. The laser power was kept the lowest possible to avoid additional liquid overheating. Figure 5.10 shows the time-dependent reflectivity change at several temperatures (318 K, 306.5 K, 295.3 K, 288 K), that correspond to different phases of 8 CB. Even using low rate of temperature change (∼ 1 • C/min), the sample was held at constant temperature for a long time for liquid homogenization and temperature stabilization. The fit parameter for different temperatures shows that the Brillouin scattering frequency ν B changes as a function of temperature. At T = 318 K both types of order (positional and orientational) disappear at the same time and the resulting phase of 8 CB is an isotropic liquid (as most thermotropic LCs that have an isotropic phase at high temperature). The heating eventually drives 8 CB into a conventional liquid phase characterized by random and isotropic molecular ordering (little to no long-range order), and fluid-like flow behavior. An isotropic liquid possesses full translational and orientational symmetry [169]. The Brillouin frequency of such phase of 8 CB is ν B = 14.3 ± 0.2 GHz and the attenuation rate Γ = 7.8 ns -1 .

Figure 5 .

 5 Figure 5.10. Representative TDBS longitudinal signals taken in 8 CB at different specified temperatures. While cooling down the LC from 318 K to 288 K, the liquid undergoes three phase transitions. The fit parameters for different temperatures show that the Brillouin scattering frequency ν B and the damping rate Γ varies as a function of temperature. At T = 318 K the material is in an isotropic state where ν B = 14.3 GHz and Γ = 7.8 ns -1 . T = 306.5 K corresponds to the nematic phase of 8 CB with ν B = 15 GHz and Γ = 8.8 ns -1 . T = 295.3 K matches the temperature of the smectic phase transition with a corresponding frequency of 15.9 GHz and damping rate of 11 ns -1 . And at T = 288 K the LC is in the crystalline phase where ν B = 17.2 GHz and Γ = 11.5 ns -1 . Despite the fact that 8 CB exhibits high optical birefringence, we could only detect one Brillouin scattering frequency ν B since the measurements were performed with circularly polarized light.
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 55 Figure 5.11. Recorded TDBS signals for a thick layer sample of 8 CB squeezed in between a 40 nm of Chromium film on a flat Silicon substrate and a plano-convex lens with a large ROC = 2060 mm, measured at low temperatures that correspond to the crystalline phase of this LC. Fit of the experimental data are shown in red. The pump power for each plot was the lowest possible to avoid additional liquid overheating (Fluence = 0.5 mJ•cm -2 ). Since 8 CB is strongly birefringent in the crystalline phase, we observe the existence of two modes, as revealed by the FFT in inset of the top plot and it manifests as a frequency beating in the transient optical reflectivity. The fit parameter of interest, the Brillouin scattering oscillation frequency ν B , shows that the frequency increases progressively with a decrease in temperature.

  of sound c l = 1970 ± 60 m•s -1 which matches the values extracted dirrectly from Brillouin oscillations and from the slope. So, we evidence three regions -bulk liquid, ordered liquid, and zone of trapped 8 CB molecules between two confining boundaries or probably jamming (with an increase in the surface roughness, the probability of jamming increases too). The difference in the acoustic amplitudes is a result of the propagation through different liquid thicknesses. The set of normalized Fourier amplitudes recorded at multiple liquid thicknesses was used to determine the acoustic attenuation length α at the Brillouin frequency ν B = 46 GHz through Eq. (5.5). In Fig. 5.15 (c) we can roughly distinguish two zones with two different values of α. The extracted values are α = 4.3 • 10 6 m -1 for zones denoted (II), (III) and α = 2.3•10 6 m -1 for zone (I). GHZ FREQUENCIES. RESULTS AND DISCUSSIONSComparison with lateral measurements First of all, we notice that the Brillouin frequency of bulk 8 CB and correspondingly the speed of sound are different in two types of measurements, ν B = 19 GHz for lateral and ν B ∼ 15.7 GHz for piezo measurements. The discrepancy can be explained by the initial phase of 8 CB. In lateral measurements the liquid is tightly squeezed between the lens and the flat generation substrate from the start of measurements and remains unperturbed for hours.

  Figure 5.16. Phase shifts of the 46 GHz Brillouin oscillations in the glass lens at different piezostage displacements, extracted from Brillouin scattering data for three investigated liquids, glycerol, OMCTS and 8 CB.

  liquids. The TDBS measurements of ultra thin liquids of different thicknesses were made in two different modes: direct liquid thickness change from a piezostage, or lateral measurements. Each lateral position corresponds to different liquid thickness, which has been achieved by using a flat-curved sample configuration. We have investigated in Chapter 4 the intricate coupling of longitudinal acoustic phonons to thermal properties of the investigated liquids, by use of an optical technique based on picosecond laser ultrasonics to determine the local temperature distribution profile in liquid samples in contact with a laser heated optical transducer. This ultrafast pump-probe experiment uses time-domain Brillouin scattering (TDBS) to locally determine the light scattering frequency shift. As the temperature influences the Brillouin scattering frequency, the TDBS signal probes the local laser-induced temperature distribution in the liquid. We have demonstrated the relevance and the sensitivity of this technique for the measurement of the absolute laser-induced temperature gradient of a glass forming liquid prototype, glycerol, as well as for OMCTS, at different laser pump powers i.e. different steady state background temperatures. The experimental studies and simulations of different sample structures presented in Chapter 4 have shown the importance of the proper selection of samplesubstrates holding the metallic transducer films to avoid cumulative thermal heating effects. Such effects can be minimized by using a good thermally conducting substrate like sapphire or silicon. To further decrease the influence of cumulative thermal heating effects, we have investigated a multilayer sample structure where a thermal insulating SiO 2 layer was added in order to shield the liquid from the laser heated metallic transducer film. We have experimentally demonstrated the benefit of this alternative sample structure which could be required in experimental situations where even slight temperature changes have to be avoided. Ultimately, our results could shed GHZ FREQUENCIES. RESULTS AND DISCUSSIONS light on the thermal properties of ultrathin confined liquid films. This is a fascinating experimental challenge for the understanding of nanoscale heat transport.In Chapter 5.1, we have shown that picosecond laser ultrasonics can be applied not only for the measurements of longitudinal properties of bulk liquids but also of ultrathin liquids. We have demonstrated the capabilities of the measurements for liquids in a wide range of thicknesses, from few microns to few nanometers, performed either with TDBS lateral measurements or with a piezostage.The developed TDBS technique was used to determine the high-frequency longitudinal properties of three different liquids, glycerol, OMCTS and 8 CB. Our experiments yield direct access to the longitudinal speed of sound and the acoustic attenuation coefficient of liquids at GHz frequencies. The longitudinal speed of sound was deduced from the phase shift extracted from TDBS measurements. And the attenuation of longitudinal acoustic waves was deduced from the measurements of the longitudinal Brillouin amplitude by averaging over all calculated values in a data set.The found values are consistent with the values available in literature in case of glycerol.

Figure A. 1 .

 1 Figure A.1. The scheematic represantation of molecule arrangement in different phases.Depending on temperature, one distinguishes isotropic, nematic, smectic and crystalline phases. In isotropic liquid the molecules are randomly oriented. When the isotropic liquid is cooled down, the nematic phase emerges. The molecules tend to align along a particular direction n, while the molecules centers of mass are still isotropically distributed. With further cooling, the nematic phase transform to smectic. The simplest smectic phase is the smectic A. In this phase, the average molecular orientation is perpendicular to the liquid layers. The smectis A phase can transform to smectic C by decreasing the temperature. It has a lower symmetry compared to the SmA phase. The tilted molecules pick a special direction in the smectic plane. And the phase with the highest order is the crystalline phase. Molecules are long-range ordered.

Figure A. 2 .

 2 Figure A.2. Euler angles in the molecular coordinate system (α, β, γ) with respect to the laboratory system (xyz). N is the nodal line, i.e. the normal to the plane γz.The angle θ corresponds to the deviation of the longitudinal molecular axis γ from the z-axis; ψ -to the rotation of the shortest molecular axis β around the longitudinal axis γ; φ -to the precession of the longitudinal axis γ around the z-axis, following the conical surface.

  Fig. A.2.

Fig. A. 2 ,

 2 Fig. A.2, the direction of the director n is fixed along the z axis.

  Fig. A.3 one can see, that the angles near 0 and π are equally densely populated by molecules, which illustrates the condition of nonpolar symmetry, n = -n. Angles close to π/2, on the contrary, are the least populated.

  θ)P 2 (cosθ)d(cosθ) = P 2 (cosθ)

Figure A. 3 .

 3 Figure A.3. Generic shape of the distribution function f (θ) in an uniaxial nematic.

Figure A. 6 .

 6 Figure A.6. Orientation of LC near a surface. (a) Uniform planar anchoring, (b) homeotropic anchoring, (c) tilted anchoring. ( n is director).

10 )

 10 This equation is the basis for the theoretical treatment of defects and textures of nematic LCs[188]. For a stable distortions, the solution of the above equation have to yield a relative minima in the free energy. Distortions that do not correspond to minima of F d are unstable and should therefore not occur in stable textures. The basic modes of nematic deformation are directly addressed by the Frank elastic constants: K 1 represents the splay deformation with (∇ • n) 2 = 0, K 2 represents the twist deformation with [ n • (∇ × n)] 2 = 0, K 3 corresponds to the bend deformation with[ n × (∇ × n)] 2 = 0.

One distinguishes 3

 3 basic ordering types presented in Fig. A.6. These are planar, homeotropic and tilted orientations [180]. And the modifications of the basic anchoring states occur in nature. The surface, which is in a contact with the mesophase is usually considered to be flat on the microscopic scale, and the position of the director near it is determined by polar θ (between n and the substrate normal) and azimuthal φ angles (angle between the director projection and a reference direction on the substrate plane). In planar anchoring (θ = π/2, φ = constant) the molecules are anchored parallel to the substrate plane (see Fig. A.6 (a)). In homeotropic case (θ = 0) the molecules are aligned perpendicular to the plane (Fig. A.6 (b)), and in tilted anchoring (0 < θ < φ/2, φ = constant) are oriented at any angle to the surface plane (Fig. A.6 (c)).

Figure B. 2 .

 2 Figure B.2. Schematic representation of the first version of the sample configuration tested during this work. The Piezo actuator is a cylinder on which a screw glued with the generation substrate is attached. The liquid drop is squeezed in between the transducer film substrate and the lens.

Figure B. 9 .

 9 Figure B.9. (a) Schematic representation of the glass pulse shaper. The pump beam is split into two sub-beams. Half part of the pump beam passes through a glass plate of e = 6 mm thickness that leads to a time delay between both sub-beams τ = 15 ps. (b) Transient reflectivity signal recorded from a sample with a Chromium film deposited on flat Silicon substrate, glycerol and a plano-convex lens in contact with the transducer substrate. The Brillouin oscillations at ν B ≃ 45 GHz correspond to the acoustic waves detected in the glass lens. (c) Recoded transient reflectivity signal in case of a piece of glass on the pump path. The almost cancellation of the Brillouin oscillations is related to the antiphase propagation of the two acoustic wavepackets from the two delayed pump pulses.

Figure B. 10

 10 Figure B.10. (a) Illustration of the optical derivative experimental setup based a pulse shaper. The probe beam is reflected from a mirror placed on the pulse shaker. The amplitude and the frequency of the mirror displacements are controllable by a function generator. (b) Recorded signal without the use of the pulse shaker. (c) Recorded signal using the pulse shaper.The slow decaying rate of the recorded signal is negligible, the amplitude of the Brillouin oscillations is higher than in case of (b), the noise level is not bothering for further data analysis, and the recorded data do not need further numeric processing.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

of thermal and mechanical behavior of ultra-thin liquids at GHz frequencies Résumé La

  5 •cm-1 [213]. structuration des liquides près d'interfaces est liée aux forces d'interactions liquide/interface à des distances de quelques dimensions moléculaires. Cet effet de structuration universel joue un rôle primordial dans divers domaines tels que le transport de chaleur, le transport de particules à travers les membranes biologiques, la nanofluidique, la microbiologie et la nanorhéologie. Le but principal de cette thèse est de réaliser l'échographie par laser de liquides nanostructurés près d'une interface, afin de mieux comprendre les propriétés physiques de liquides confinés à des échelles moléculaires. La méthode expérimentale utilisée est la technique d'acoustique picoseconde, qui est une technique tout optique impliquant des lasers impulsionnels pour la génération et la détection d'ultrasons picosecondes. Nous avons adapté la technique expérimentale afin d'étudier les propriétés acoustiques longitudinales à hautes fréquences des liquides ultraminces (glycérol, OMCTS, cristaux liquides) confinés dans différentes configurations. Les résultats de la diffusion Brillouin dans le domaine temporel sont utilisés pour déterminer le profil de distribution de la température dans le volume de liquide étudié qui peut être extrapolé aux dimensions nanométriques. Les résultats sur le changement de la fréquence Brillouin aussi bien que sur l'atténuation acoustique en fonction de la puissance du laser donnent un aperçu de la relation entre les propriétés thermiques et mécaniques des liquides. L'analyse de Fourier des résultats expérimentaux pour différentes épaisseurs de liquide donne l'information sur la vitesse du son et l'atténuation aux fréquences GHz. Ceux-ci sont comparés aux résultats des mesures pour des liquides épais à température ambiante. Ce nouveau schéma expérimental est une première étape vers la compréhension des liquides confinés mesurés par échographie d'ultrasons aux fréquences GHz.

	Investigation

The DLVO theory is named after Boris Derjaguin and Lev Landau, Evert Verwey and Theodoor Overbeek. The theory explains the aggregation of aqueous dispersions quantitatively and describes the force between charged surfaces interacting through a liquid medium[36].

The important parameters and physical properties of Cr and Si are presented in Appendix C.

about 0.9 rad / 100 nm in case of 8 CB. As soon as the lens touches the generation substrate, with further piezostage displacement, the lens squeeze the few molecules trapped between both surfaces. After the exclusion of the effects of liquid impurities, surface roughness, sample holder distortion/deformation, that should be present on the measurements for glycerol as well, we venture upon to make a hypothesis that such behavior may evidence the effect of jamming of liquid molecules.
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CHAPTER 4. HEATING EFFECTS

In order to experimentally reveal the in-depth temperature distribution in the liquid, we have examined further our TDBS data, searching for a frequency chirp in the measured Brillouin frequency. Accordingly to [85], we have modified the functional form given in Eq. (4.4) by allowing the Brillouin frequency to vary in time, during the propagation of the acoustic pulse throughout the temperature gradient in the liquid.

The modified Brillouin frequency functional form is then expressed as ∆R(t) ∼ sin(2πν(t) t + φ) exp(-Γt) (4.5) where

represents a linearly chirped frequency, ν 0 being the initial Brillouin frequency at time zero, i.e. close to the transducer film, and C being the linear chirp coefficient.

Even though a linear chirp does not reflect the true change in frequency, which has to model the temperature dependence of the Brillouin frequency, it provides a more stable algorithm and can be considered sufficient for the present analysis with little temperature variations across the liquid thickness. fitting of our experimental data confirm that a temperature gradient is present in our liquid sample and that a good thermal conductor substrate such as silicon lead to weak cumulative laser heating effects, of only a couple of Kelvins. In addition, we notice that the Brillouin frequency decreases with an increase of pump fluence, which is in agreement with a stronger temperature rise at higher pump fluences.

CHAPTER 5. MECHANICAL PROPERTIES OF ULTRA THIN LIQUIDS AT GHZ FREQUENCIES. RESULTS AND DISCUSSIONS two modes, as revealed by the FFT in Fig. 5.11 (top) inset. When the probe polarization is circular, the transient optical reflectivity exhibits some beatings in the time domain that corresponds to the presence of two modes -ordinary and extraordinary -of slightly different frequencies. The frequency beating is clearly visible in each plot of Fig. 5.11, that show the experimental data and the theoretical fit of Brillouin scattering oscillations in bulk 8 CB at low temperature. The functional form used for the analysis of the Brillouin oscillations data is given by, ∆R = A 0 exp(-Γ o t) cos (2πν 1 t + φ) + exp(-Γ e t) cos (2πν 2 t + φ) (5.8) where ν 1 = 2n o c l /λ and ν 2 = 2n ef f c l /λ are the Brillouin frequencies corresponding to the longitudinal acoustic waves detected by the ordinary and extraordinary light pulses, respectively, and n ef f = 1.69 represents the effective refractive index. The Brillouin frequencies ratio ν B,e /ν B,o ≈ 1.09 for all range of temperatures measured experimentally are close to the ratio of n ef f /n o = 1. 1 [179]. The fit parameter shows that the Brillouin scattering frequency increases progressively with a temperature decrease. We interpret the change in the detected Brillouin frequency at different temperatures in the crystalline phase as a signature of a modification of the sample texture of the micro-crystallites from a temperature modification. The fact that the Brillouin frequency increases while decreasing the temperature is consistent with the fact that the crystalline phase becomes stiffer when the texture resembles more and more to a well defined bulk crystal. These arguments will be further detailed in the following.

Additional measurements were carried out with linearly polarized light and the use of an half wave plate (HWP) to rotate the incoming polarization. The HWP angle θ refers to vertically polarized light when θ = 0 • and to horizontally polarized light when θ = 90 • . In fact, we have replaced the QWP in Fig. Appendix A

Liquid crystals

There are three main states of matter, as solid, liquid and gas. All this three states is characterized by different properties proper for each phase. The predominant distinction is made by the degree and type of ordering. For example, the solid state is highly ordered state, while the gas state doesn't have at all any ordering, and the liquid state is charecterized by a structure with a short-range ordering. In 1888, it was discovered another intermadiate state between solid and liquid, called mesophase [START_REF] Lehmann | Flüssige Kristalle und ihr scheinbares Leben[END_REF].

This state exhibits a degree of order between that of a fluid and a solid. Such materials are called liquid crystals (LC). They possess many of the mechanical properties of liquids, e.g., high fluidity, formation, and coalescence of droplets [184]. At the same time they are similar to crystals in that they exhibit anisotropy in their optical, mechanical, electrical, and magnetic properties.

A.1 Classification of Liquid crystals

Liquid crystals were first discovered accidentally in 1888 by an Austrian botanist Friedrich Reinitzer. Upon heating the cholesteryl benzoate, he observed the transition from a cloudy liquid to a clear liquid, and upon cooling to blue consistency before crystallization. Further, Reinitzer had discovered and described three important features of cholesteric liquid crystals: the existence of two melting points, the reflection of circularly polarized light, and the ability to rotate the polarization direction of light.

Since then, a lot of research has been done to understand and describe the properties of this material [185]. Liquid crystals have attracted interest for many reasons, some theoretical and some more practical. For mathematicians and theoretical physicists, liquid crystals are a natural laboratory for broken symmetries and the practical application of pure mathematical disciplines such as topology and group theory to physical problems. Under the microscope liquid crystals present the most wonderful coloured patterns which provided an enormous intellectual challenge before they were understood [180,186]. For the engineer, cheap and compact liquid crystal technology provides the most promising replacement to the bulky cathode ray tube long used in computers and TVs [START_REF] Yang | Fundamentals of Liquid Crystal Devices[END_REF]. For the biologist, liquid crystal-like materials form the building blocks for much of the soft tissue out of which living cells and aggregations of cells are constructed [184]. Liquid crystal science is truly interdisciplinary. That is why a lot of research has been done to understand and describe the properties of this material.

Altogether, LC are classified according to the following principles [187, 188]:

1 By the method of the production: thermotropic (with a sequence of phases that change with temperature and pressure), lyotropic (with change of molecular concentration of the substance in water or other solvents), carbonized (with a change of polymerization degree during heating) and other, more rare, for example, with the formation of chain structures from inorganic substances.

2 By the shape of the molecules: rod -like or calamatic (from the greek word καλαµoζ meaning "cane") discotic, banana-shaped or bent-shaped, dendritic, etc.

3 By the optical properties: uniaxial, biaxial, optically active.

4 By chemical classes: biphenils, Schiff bases, pyrimidines, tolanes, azobezenes and many others which are not so popular.

5 By the symmetry of the phases, which determines the key properties of LC.

We will limit our discussion to thermotropic LC so far as we have worked with this type. Thermotropic LC are composed of organic molecules. The molecules usually take a rod-like or disc-like (discotic) shape [188]. Atoms in organic molecules are mainly connected by covalent bonds with characteristic energy about 1 eV per molecule. Intermolecular interactions are much weaker ( 0.01 -0.1 eV), and their nature is more diverse.

There is a large number of variety of LCs phases but we will consider just few of them [186,188,189]. where A = a( T -T * c ) with a temperature T * c only slightly below the actual transition point. It is the temperature of absolute stability loss of an isotropic phase upon cooling. The coefficient A is the fraction of molecules whose orientations lined up along n, with magnitude between 0 and 1. The coefficients B and C do not depend on T. The expression (A.3) may be further simplified in terms of the order parameter amplitude S. Omitting all intermediate calculations (see [START_REF] De Gennes | The Physics of Liquid Crystals[END_REF]170,192]), we finally get the solution of (A.3): T c is derived from the condition that the free energy densities of the two phases are equal, F(S = 0) = F iso and the condition of stability .5) with S c = B/3C. When B = 0, T c = T * c = T + c , this becomes a second order phase transition, in which the order parameter S is continuous at the transition point.

In general, we now have three characteristic temperatures: 

A.3.2 B. Nematic to Smectic A phase transition

In most cases, at the time of transition to the smectic A phase, the order parameter is almost perfect S ∼ 0.6 ÷ 0.8. Therefore, we can fix the free energy of the nematic phase and assume that the order parameter in both phases is the same, S N = S SmA . Then we can introduce a new order parameter, taking into account the fact that in the smectic A phase, the symmetry decreases with the formation of a onedimensional translational order [195]. We recall that in the SmA phase, the density function is modulated along the direction of the normal to the smectic layers,

Here,l is the smectic layer spacing, ρ m and φ m are the amplitudes and phases of the complex order parameters with m =1,2,3.. . In the nematic phase these amplitudes turn to zero. In the simplest approximation we can take only the term with m = 1.

Therefor,

The complex parameter ρ m exp(iφ m ) is the order parameter of the smectic A phase, it is used for the free energy density decomposition at the phase transition from nematic to smectic A phase. The smectic A structure is invariant with respect to the sign of ρ 1 . As a consequence, the density of free energy decomposes into a series only in even powers of ρ 1 . After some mathematical operations for free energy minimization (see above-mentioned references), we obtain:

with a > 0. The solution ρ 1 = 0 corresponds to high-temperature nematic phase. An another solution with ρ 1 = 0 determines the translation-invariant smectic A phase.

Wherein, the order parameter changes continuously with the temperature from zero in transition point to some final value:

(A.9)

As expected [170], the Landau theory in the form of (A.9) predicts a secondorder phase transition with a root dependence of the order parameter. The temperature dependence of ρ 1 , in principle, can be found with X-ray diffraction. For this, it is necessary to measure the intensity of the Bragg peak corresponding to the diffraction on a smectic structure with a period of layers l. The SmA-N phase transition has been studied for various compounds by precision calorimetry and X-ray scatter-ing [196][197][198]. These studies have shown that the behavior of various thermodynamic properties at the vicinity of the transition are determined by highly developed fluctuations of the smectic order parameter. This means that near the SmA-N transition the order parameter varies in space and in time ρ 1 = ρ 1 (r, t). The experiments show also that the SmA-N transition can be not only of the second-order, but also of the first [176]. This difference is determined by the width of the region of existence of the intermediate nematic phase between the smectic A and isotropic phases. At a certain narrow enough temperature interval of this region, about 1 K, the line of phase transitions of the second-order SmA-N goes over into a line of phase transitions of the first-order.

A.4 Deformation and surface anchoring of nematic LC

When the LC is not affected by any external fields or influenced by confining boundaries, surfaces the equilibrium director field is uniform, determined by the internal ordering of the mesophase. Nevertheless it is ideal and very rare case [START_REF] Yang | Fundamentals of Liquid Crystal Devices[END_REF]180,199].

Nematic LCs possess a relatively low viscosity and they can be deformed by even small external forces or presence of confining boundaries.

Considering only weak distortions, the nematic phase formally acts as an elastic medium, and the deformations can be treated by the continuum theory of nematics [START_REF] Yang | Fundamentals of Liquid Crystal Devices[END_REF]184]. An undeformed LC is one in which the director n points in the same direction throughout the LC. A deformed LC is one in which the director changes its direction from point to point. The deformations in LCs can be described in terms of three basic 

Supplementary experimental details

This appendix is devoted to describe to the readers some experimental trials, implementations and modifications of the setup that have been accomplished during this PhD thesis. Some methods presented in the following did not work for our measurements, but it will probably inspire somebody in another type of measurements with another type of problematic. We also mention some experimental tricks and techniques that could be relevant in another context.

B.1 Step-by-step procedure of sample mounting

Besides the preparation of the substrates used for the sample cell described in The minimal step of our stage is 0.1 µm which gives enough accuracy for this task.

We approach the generation substrate to the lens in order to decrease the thickness to about less than 10 µm, since the whole range of motion of the piezo stage is 10 µm.

After all these steps, the sample is then ready for the investigations.

There are several advantages of using the piezostage coupled with the motorized linear stage. After several tests of different piezo stages described in the next section,

we have chosen the one that ensures an accurate minimal increment well below 1 nm to investigate confined liquids. The linear stage permits a continuous motion in a wide range of positions with great accuracy, it is computer controlled and it is implemented in our acquisition program that controls the piezo stage as well. The accuracy of the piezo displacements is high (the resolution is claimed to be ± 0.01 nm) in a 10 µm full range of displacement. The linear stage is used to tune the liquid thickness below 10 µm while the piezo stage is used to fine tune the liquid thickness below this range.

So, by using this coupled displacement system, we get access to a wide range of liquid thicknesses. In addition to the piezo measurements, we have included the possibility of performing automated measurements at different lateral positions, such as in the flatcurved configuration, going from the center of the Newton ring's where the thickness is close to zero, to a desired lateral position. In fact, prior to the piezo measurements, we always perform several lateral measurements in order to precisely center the laser spot and the contact position on the lens with a micrometer resolution.

B.2 First version of sample configuration

At the beginning of this thesis, we used the sample configuration presented in with four screws to the piezo holder in order to tune the contact surface at the center of the generation substrate. This is rather challenging and it frequently happens that when we screw the holder tightly it breaks either the generation substrate or crack the lens. It is related to the force applied to each screw which is not identical and creates a torsional force on the sample. This effect is easy to observe by movements of interference rings. Thus, the lens is not rigidly installed, and when we apply the voltage to the piezo in order to decrease the liquid film thickness, it might push the lens instead of inducing a modification of the liquid thickness. To conclude, the PI piezo actuator characteristics are disappointing and not suitable for accurate measurements requiring nanometer precision. However, this beta version of sample holder inspired the implementation of the final configuration described in Chapter 3.3.

B.3 Newton's rings visualization

An anti-reflection (AR) coating is a type of optical coating applied on the surface of the lenses and other optical elements to reduce optical reflections. In typical imaging systems, this improves the image brightness and quality since less light is lost and it avoids stray light. In general, the AR coating consists of a transparent multilayer thin film structure with alternating layers of contrasting refractive indexes. The layer thicknesses are calculated and chosen to produce destructive interferences in the beams reflected from the interfaces, and constructive interferences in the corresponding transmitted beams. The AR coating is optimized to reduce reflection losses at the air/lens interface and works in a specific wavelength range. The wavelength range of the AR lenses used in our experiments is 650 -1050 nm. In our measurements, the AR lens is in contact with the liquid which is squeezed between the lens and the generation substrate and the AR coating is not functional anymore. Vice versa, the AR coating optimized with an air interface becomes extremely poor AR in contact with a liquid, and the AR is not anymore a good index matching medium. This is exactly the reason why we use a lens with AR coating to visualize the Newton's rings interferences.

Without coating, the contrast in index of refraction between the uncoated lens and the liquid is weak and there is negligible optical reflection at the liquid-lens interface which, in turns, vanishes the optical interferences in the liquid cavity. We can't observe the in the substrate begin promptly. Away from the center, the signal oscillations due to acoustic wave propagation in the substrate are time delayed, and these oscillations are preceded by lower-frequency oscillations due to acoustic wave propagation in the liquid.

We can even clearly see on the image the contribution of the wave reflected from the liquid/lens interface to the signal. From an image of such quality we can extract many Away from the center, we can observe some regions, highlighted on the image with white stippled lines, with pronounced noise level that correspond to the dark Newton's rings position. Apparently, the intensity of the probe beam reflected from such dark regions is weak and thereafter the current detected on the photodiode gets significantly noisy. Since we are using two photodiodes in our experimental configuration, we need to make sure that the signals on both photodiodes remains well balanced, even in case of dark fringes, which is not an easy task. The use of an AR lens hinder the possibility of balancing the photodiodes for better signal-to-noise ratio on the signals.

Additionally, the most important zone for the investigation of interfacial effects and liquid confinement effects is precisely located at close vicinity of the lens/substrate contact region, that is exactly at the dark fringe location, where we can't profit of the useful scheme of balanced photodiodes.

B.4 Interferometric determination of the contact zone from the fs probe reflectivity

Another problem that we encountered during this work was the determination of the accurate position when the lens and the flat silicon substrate holding the Chromium film are in direct contact, right when the lens slightly approaches the flat substrate without pushing into it. This is the starting point of the measurements, the zero thickness determination of the liquid. In order to optically detect the contact position, we have implemented a method based on the measurement of the DC reflectivity intensity change of the femtosecond probe beam for different thicknesses. This method is valid only in case of AR lenses since it uses the interferences effect produces in the liquid cavity. These measurements enable the estimate of the refractive index of the material at a specific wave length, considering that the liquid thickness is well If the piezo moves even further, the deeper the lens goes into the substrate. This method is quite reliable for the determination of the contact zone. Nonetheless it has more disadvantages than advantages. First of all, to be sure that the reflectivity does not change anymore the piezo stage is moved forward deeply in the substrate which leads to substrate deformation. Secondly, the piezo stage displacement is hysteretic.

When the piezo is moved backward, the starting point of zero liquid thickness is not reliable anymore. As long as the idea is to investigate ultrathin liquid layers, this hysteric behavior is inappropriate. In particular, since empirically we understood that such ultra thin liquid measurements need to be performed while reducing the liquid thickness always, to avoid the nucleation or cavitation of bubbles if the liquid thickness is increased from solid -solid contact to thicker liquids. Indeed, we have experimentally observed several times bubble nucleation that forms in liquid layers, which needs to be avoided.

Nevertheless, this experimental method is advantageous for the determination of the refractive index of different liquids at the probe wavelength. In 

To conclude, the method of measuring the change in the reflected probe intensity from different liquid thicknesses can be used firstly for an accurate determination of the refractive index of the liquids, and for the determination of the solid-solid contact in situations when the liquid thickness determination does not need high accuracy.

B.5 Measurements with the Death Star pulse shaper

As we have already seen in Chapter 4, laser mediated cumulative heating effect can be observed in our measurements. This effect is directly linked to the laser itself that governs the cumulative sample heating. In this section, the so called Death Star pulse shaper was used in order to monitor the sample heating under the experimental conditions of a train of several pump pulses separated in time. The main role of the pulse shaper is the excitation of narrowband acoustic wavepackets for the selection of a well defined frequency component in the propagating acoustic waves. In our case, the shaper was fixed at a repetition frequency of ν B,liq = 21 GHz that matches the Brillouin frequency in glycerol. A more detailed description of the pulse shaper can be found in Section 2.2.1. The intuitive idea was to use the pulse shaper in order to decrease the cumulative effect without altering the Brillouin signal. Splitting at the incoming single pulse, which is introduced in the Death Star shaper, into seven pulses slightly time delayed, entails that the energy carried by the incoming single pulse is split in seven pulses and that the overall heating of the metal transducer film caused by the laser light absorption of the train of pulses could be decreased assuming that the sample would cool down in between each of the seven pulses. This cumulative heating is afterwards transmitted to the adjacent liquid layer and could be less than in case of a single pulse of equivalent laser energy. In fact, we have evidenced a counterintuitive effect. Data for a sample with 40 nm thick Chromium film on a silicon flat substrate, glycerol and an uncoated plano-convex lens (LA 1172, Thorlabs)

were recorded at a fixed temperature of about 300 K for several laser powers of the pump pulse for two positions of the pulse shaper, at "zero" position when all of the five pulses hit the sample surface without any temporal separation (∆t = 0 ps), and adjusted to "21 GHz" position (the temporal separation between all of the five pulses is changed evenly and is equal to ∆t ≈ 47 ps). An example of the recorded signals 7 (b). From these data one notices that the acoustic wave excitation at this particular frequency is enhanced almost twofold. The analysis of the thermal background which is intimately related to the cumulative heating and temperature gradient in the sample is displayed in Fig. B.7 (c). From these data one remarks that the result is opposite to intuition. If we take the absolute value of the thermal background amplitude, the background at "21 GHz" position is as high as that for "zero" position of the pulse shaper. This amplitude reflects the cumulative heating effect in the sample.

This surprising result may be interpreted based on the arrival time of each pulse.

When one pump pulse with certain energy arrives at the metal transducer film, this optical energy gets absorbed by this transducer film. The pump pulse is modulated at some frequency which is sufficiently high to give the time for the liquid to cool down a little bit (f pump = 260 kHz). In case of optical pulse sequence, one pump pulse is split into 5 pulses with some time delay between them. When one pulse from pulse sequence arrives to the transducer film it heats it up, then arrives second pulse and so on and some heat is deposited into the transducer film surface which afterwards is transferred to liquid. The time between pulses is excessively low and unsufficient for adequate liquid cooling. When the second pump pulse arrives the liquid is already heated as much as in case of shot-by-shot heating. It means that most probably the heat cumulates nonlinearly with the use of the optical pulse sequence.

B.6 Optical derivative

Another puzzle that we faced during this project is related to the unwanted presence of a slow decaying thermal background in the recorded signals that depends on the liquid thickness as well. This slow thermal background increases the complexity of the data analysis and can reduce the accuracy of the acoustic measurements. In Chapter 2, the analysis of the Brillouin signal is reduced to fitting the experimental data with the simplified functional form of equation Eq. ( 2.20) that reads,

This simplified equation gives access to two relevant parameters related to the acoustic waves propagating through some medium, the attenuation rate and the Brillouin frequency which is related to the speed of sound. It does not account for the thermal background that influences the reflectivity measurement and Eq. (2.20) is inappro-priate as it is. A better approach is to use the functional form of Eq. ( 2.23) that reads,

In this equation, there are plenty of parameters that one should vary during the fitting procedure of the acoustic signal and of the thermal background. In this case, the fitting procedure is complicated and it increases the uncertainties in the two parameters of interest Γ and ν B . Instead, it is often preferred to perform the time derivative prior of the fitting of the experimental data to vanish the slow varying thermal background.

The time derivative almost suppresses the slow thermal background and only the acoustic term remains and we can use the simplified functional form of Eq. ( 2.20) with high accuracy. However, the counterpart is that the procedure of taking the numerical time derivative of the recorded signal increases the shot noise of the data that becomes sometimes impossible to process. Therefor, we have made some attempts in order to improve our experimental setup and overcome the limitations of the time derivative routine for data analysis. Some modifications were made to our setup to perform the optical derivative, not numerically but rather optically. The derivative of any function represents an infinitesimal change in the function upon a slight modification of a variable. The time derivative of the reflectivity function R with respect to the variable t can be written as,

This is valid for both numerical or optical signal derivate. In case of the numerical derivative, ∆trepresents the temporal resolution of the recorded signals. In case of the optical derivative, this infinitesimal change ∆t can be produced artificially by using two probe pulses instead of one with an optical temporal delay ∆t. The main advantage of the optical derivative compared with the numerical derivative is that both femtosecond probes gather the same noise and the optical derivative is compatible with the use of balanced photodiodes.

In the following, we will describe several techniques to perform the optical derivative, either by use of piece of glass or by use of a shaker.

Optical derivation by means of probe pulse splitting

The first configuration, that was tested on our set up is presented in is negligible, the brightness of the Brillouin oscillations is higher, the noise level is not bothering for further data analysis, and the recorded data do not need additional numeric processing. Indeed, this experimental setup may be exquisite for the studies of thin films on different substrates, to get rid of unwanted thermal background in the recorded data. In our case, since we were interested in continuous liquid film thickness change for analysis of the phase of the Brillouin oscillations, the generated acoustic waves can be detected free of the thermal background. In fact, in the case of the study of liquid films, we could even envision an experiment based on the optical derivative, that removes the thermal background, free of a delay line. We could simply measure the phase modification of the Brillouin signal by varying the liquid thickness, at a fixed pump-probe time delay. We would not need anymore a delay line, only a pulse shaker. 

Physical properties of materials