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Light Scattering by Liquid Surfaces, new developments

The surface light scattering technique is presented, highlighting recent technical improvements and describing studies of various types of surfaces. The technique is non-invasive, but delicate to handle and no commercial instruments are available yet. The technique gives however interesting information difficult to obtain otherwise, for instance on out-of-equilibrium surfaces, surfaces of very low tension, or systems close to solidification. Many studies were performed with monolayers of surface-active molecules at the surface of water. In this case, surface viscoelastic parameters can be determined at high frequencies (10 kHz-1 MHz), complementing usefully the data obtained at lower frequencies with other techniques. As with these other techniques, inconsistencies such as negative surface viscosities are sometimes reported. The origin of these anomalies is not yet fully clarified. The problem deserves further work, in order to achieve a satisfactory description of the motion of surfactant or polymer-laden surfaces.

Introduction

The scattering of light is a well-known phenomenon, responsible for instance for the blue color of sky and the whitish aspect of milk. Light is an electromagnetic wave with electric and magnetic fields varying sinusoidally with time (frequency  0 ) and with distance (wavelength  0 ). When a molecule (or atom) is illuminated, the electrons are displaced by the electric field, creating dipole moments; the dipoles radiate a field in all directions, which constitutes the scattered light. The dipole moments are inversely proportional to  0 2 , hence the scattered intensity is inversely proportional to  0 4 : blue light is thus much more scattered than the other spectral components of the white light of the sun. This fact explains not only why the sky is blue, but also, why it is not black at night: only stars are then present and radiate too little light to produce appreciable scattering [START_REF] Berne | Dynamic light scattering: with applications to chemistry, biology, and physics[END_REF] .

In liquids, the distance between molecules is much smaller than  0 so the fields scattered by the different molecules interfere destructively, and the scattered light intensity should be zero. In fact, this intensity is small, but non zero, because of the Brownian motion of molecules, responsible for density inhomogeneities. Induced dipoles are proportional to the volume of the scattering object, so dispersions of particles scatter more light than liquids of small molecules. This is why milk, which is a emulsion of micron-sized oil droplets in water, strongly scatters light and is not transparent. Light scattering is used to measure particle size in various commercial instruments such as granulometers, in which the size is determined from the angular variations of the scattered intensity. This is possible when the particles are large enough (dimensions larger than a few tens of nm). For smaller particles, other instruments can be used, such as zetasizers. Because of Brownian motion, the frequency of the scattered light is changed by Doppler Effect. The spectrum of the scattered light is still centered at the frequency  0 , but it is broadened, its width being proportional to the diffusion coefficient of the particles, that depends on particle size and shape. These instruments are sometimes used to measure the distribution of particle size, after Laplace transformation of the scattered signals. This may introduce systematic deviations as discussed in [START_REF] Langevin | Towards reproducible measurement of nanoparticle size using dynamic light scattering: Important controls and considerations[END_REF] .

Light is also scattered by liquid surfaces, either gas-liquid or liquid-liquid. This is again because of the Brownian motion of molecules, this time around the surface. The amplitude of the fluctuations is generally very small (about 0.2 nm for water), and it is only when the surface tension is small that this amplitude can be larger. Figure 1 shows a microscope image of a surface with an ultralow surface tension, favoring large thermal fluctuations. The fluctuations evolve with time and behave as a superposition of surface waves of all wavelengths. The first surface light scattering (SLS) experiments were performed at the beginning of last century. A brief historical description can be found in [START_REF] Langevin | Light Scattering by Liquid Surfaces and Complementary Techniques[END_REF] . At that time, only intensity measurements were performed, because the width of the light sources was too large to detect the small frequency changes of the scattered light.

It was only when laser coherent sources became available in the 1960's that the topic of light scattering, both in bulk and at surfaces began to develop. The first SLS experiment was reported in 1967 by Katyl and Ingard, who detected the thermally excited waves propagating at the surface of methanol and isopropanol [START_REF] Katyl | Scattering of light by thermal ripplons[END_REF] . They were not able to resolve the frequency peaks because they first used a low resolution Fabry-Perot interferometer. This problem was solved the following year when they used heterodyne spectroscopy [START_REF] Katyl | Line broadening of light scattered from a liquid surface[END_REF] . Independently and at about the same time, Bouchiat el al reported results for the surface of ethyl ether and glycerol: in the first case they observed frequency shifts with respect to the light frequency  0 , because the surface waves propagate; in the second, the light spectrum is just broadened because the waves are overdamped [START_REF] Bouchiat | Demonstration of capillarity waves excited thermically at surface of a liquid by inelastic diffusion of coherent light[END_REF] .

After these first experiments, the technique was used to investigate various surface phenomena, critical opalescence, anisotropy at liquid crystal surfaces, thin films, low oil-water surface tensions of interest for oil recovery, surfaces close to solidification. Many studies were devoted to molecular layers of surface-active molecules at the surface of water. The early findings together with the description of the method and of the data analysis are described in a book published in 1992 [START_REF] Langevin | Light Scattering by Liquid Surfaces and Complementary Techniques[END_REF] . Since then, new interesting improvements of the technique were proposed and many monolayers studies were published, in particular in the group of Ramon Rubio, to whom this paper is dedicated. One could wonder why the method did not develop widely as bulk light scattering, for which a number of commercial instruments are available and is now currently used by many researchers. The main reason is probably the sensitivity of the SLS method to mechanical vibrations. Indeed, and at the difference of bulk light scattering, the scattered intensity decreases rapidly when the scattering angle is increased. One is therefore limited to the study of scattering at angles of a few degrees, therefore making the influence of mechanical vibrations of the surface a serious problem. Anti-vibration tables are expensive, adding costs to the equipment. It can be hoped that solutions can be found in the future to make the equipment more accessible. Indeed, in microfluidics and other miniaturized devices, the dynamic behavior of surfaces is determinant, and this behavior is not yet fully understood. The SLS technique is noninvasive, an important feature for systems sensitive to perturbations. Of course, there are many other methods to measure surface tension, including very small ones, such as the spinning drop technique developed in the 1970's (before then, SLS was the only available technique to measure low tensions). Bulk viscosities can be also easily measured with commercial instruments. The SLS method is only interesting for pure fluids when they are close to solidification or when they are anisotropic, in which case, the scattering geometry can be chosen to investigate the anisotropy. It also remains interesting for the measurement of ultralow tensions, around and below 10 -3 mN/m, where drops tend to fraction in spinning drop instruments.

In this paper, I will discuss the new improvements of the method, and show how diverse its potential is. Most of the published work is relative to monomolecular layers. It is striking to see that the results frequently differ from one group to another. This could be due to the fact that the different groups use still different methods to analyze the data, based on various papers published long ago. Although the present paper intends to describe recent work, I felt that it would be useful to briefly recall the origin of the different methods and clarify which ones are correct. More details can be found in [START_REF] Langevin | Light Scattering by Liquid Surfaces and Complementary Techniques[END_REF] .

Theoretical bases

Surface fluctuations are thermally excited at all wavelengths and the surface is constantly distorted with respect to its equilibrium position. In the case of a flat surface, the surface displacement with respect to the equilibrium plane can be written as a superposition of Fourier components:

(1) the sum being taken over all wave vectors in the surface plane. For a gas liquid surface, the corresponding free energy cost F per unit area A is: (2) where the energy cost associated to gravity has been included;  is the surface tension,  the fluid density and g the gravity constant. This expression can be used to apply the equipartition theorem that says that the average energy associated to each fluctuation mode is k B T 8 . It thus follows that:

(3)

The total mean square amplitude of the whole deformation is therefore:

(4)
If gravity is neglected, the integration of equation 4 leads to a logarithm that diverges both at small and large q. The gravity contribution introduces a cut-off at low q, which is the inverse of the capillary length L cap : (5) This length is determined by the competition between gravity and capillary forces and is related for instance to the height of a liquid meniscus along the wall of recipients. With 40 mN/m and ~ 10 3 kg/m 3 , L cap ~ 2mm.

The cut-off at high q is usually assumed to be the inverse of a molecular length q max ~ 1/l. It follows that:
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A numerical estimation for water for which  ~ 72 mN/m leads to ~ 0.2 nm, value in agreement with X-ray reflectivity measurements [START_REF] Braslau | Surface-roughness of water measured by x-ray reflectivity[END_REF] . This extremely small value explains why a liquid surface appears perfectly smooth to the eye. The surface thickens for instance close to critical points, where the surface tension becomes very small, and surface critical opalescence is visible to the eye. Another example of surfaces with ultralow tensions is found in equilibria between phases containing polymers and colloidal particles, where surface fluctuations can be visualized with an optical microscope (Figure 1).

The surface deformation with a vector q, evolves with time exactly as a macroscopic capillary wave. The dispersion equation (complex wave frequency  as a function of q) was derived by Levich [START_REF] Levich | Physicochemical Hydrodynamics[END_REF] . It was written in reduced units by Katyl and Ingard as: (7) where S = i  ,  0 = /(2q 2 ), y = /(4 2 q) ,  being the viscosity of the liquid;

designates the root with a positive real part. Note that  is the angular frequency, in units of s -1 , not to be confused with the frequency , in units of Hz, frequently used in experimental reports. When y >> 1, the solutions for are complex numbers and the waves propagate. Their characteristic frequency  q and damping rate  q are:   When y << 1,  is purely imaginary and the waves are overdamped. The damping rate is:

(9)
The calculated solutions of the dispersion equation S = S r + iS i for all y values are shown in Figure 2, together with experimental determinations. The transition from overdamped regime to propagating regime occurs for y = 0.145. In the region y <<1, there are in fact two solutions, the largest one being S r ~ 1, which is never observed in SLS experiments for reasons explained in [START_REF] Langevin | Light Scattering by Liquid Surfaces and Complementary Techniques[END_REF] .

More complex expressions have been derived for liquids covered by monolayers, liquid-liquid and other type of surfaces [START_REF] Langevin | Light Scattering by Liquid Surfaces and Complementary Techniques[END_REF] .

Technical improvements of the technique

The frequency of capillary waves detected by SLS it at most of the order of 1 MHz, whereas the light frequency is of the order of 10 15 Hz. As for bulk light scattering, high resolution techniques need to be used for the frequency analysis of the scattered light, called homodyne and heterodyne detection [START_REF] Berne | Dynamic light scattering: with applications to chemistry, biology, and physics[END_REF] . The principle of the heterodyne detection is as follows: at the detector level, the electric field scattered by the surface is mixed with the field scattered by objects in the light path, the optical windows of the liquid cell for instance, or with part of the incident beam, this second field being called "local oscillator". The frequency of the local oscillator is the light frequency  0 whereas the frequency of the field scattered by the surface is  0 ±  q . The detected intensity is proportional to the square of the electric field which is the sum of the scattered field and of the local oscillator field. The intensity then contains components at various frequencies, in particular components at  = 0 and ±  q that can be analyzed with a wave analyzer adapted to the frequency range of the surface waves. Correlators can be also used for this purpose. The homodyne detection is currently used in bulk light scattering experiments, where the signal is usually only due to the light scattered by the fluctuations and the detected frequencies are  = 0 and ± 2 q . Homodyne detection is not used in SLS because the intensity of the local oscillator is always too strong (only weak signals are detected at ± 2 q 4

).  As in bulk light scattering, selecting the scattering angle allows to select a wave vector of the fluctuations. For small scattering angles , q ~ 2/ 0 . As shown by equation 3 and at the difference of bulk light scattering, the scattered intensity decreases rapidly with increasing scattering angle (the gravity contribution is usually negligible in the range of available wave vectors). In practice, the scattering is limited to angles of a few degrees and wave vectors in the range 10 4 -10 5 m -1 . Even small mechanical vibrations can lead to poor definition of the scattering angle, and care has to be taken to protect the set-up against these vibrations. An important improvement has been proposed by Hard et al in 1976 who used a grating to create a local oscillator [START_REF] Hard | Laser heterodyne apparatus for measurements of liquid surface properties -theory and experiments[END_REF] . This procedure readily increased the number of groups using the technique.

Another important improvement was proposed in 1991 by Sakai et al who used an acousto-optic modulator driven at 40 MHz [START_REF] Sakai | A new light-scattering technique for a wide-band ripplon spectroscopy at the MHz region[END_REF] . The zero and first order diffraction beams from the acoustic-optic modulator are used as incident and local oscillator beam respectively (the frequency of the local oscillator is then shifted with respect to  0 ). The influence of mechanical vibrations was limited by using transmission geometry. This setup allowed to access much larger scattering angles and wave vectors, up to 3 10 6 m -1 . A similar method was used by Mazur and Chung, with two 40 MHz acoustooptic modulators shifted by a few kHz (depending on the wave frequency) in order to translate the scattering spectra by this frequency shift. In this way, the spectral components at positive and negative frequencies could be observed. The aim was to observe the predicted difference in the presence of temperature gradients, but this has not been reported yet [START_REF] Mazur | Light-scattering from the liquid vapor interface[END_REF] .

Attempts to build setups of reduced cost were proposed. In the setup proposed by Jorgensen, a diode laser was used, together with scattering around the transmitted beam in order to limit vibrations [START_REF] Jorgensen | A low-cost surface laser-light scattering spectrometer[END_REF] . A system of compact size, equipped with fiber optics was proposed by Tin et al. [START_REF] Tin | Fiber-optics surface-light-scattering spectrometer[END_REF] Recently, Aoki and Mitsui proposed to detect the fluctuations using the reflected beam [START_REF] Aoki | Thermal interface fluctuations of liquids and viscoelastic materials[END_REF] . In this method, the spectrum is the integral over all wave vectors of the spectra of the different surface fluctuations. It is therefore not possible to check if the dispersion equation is satisfied, whereas such a test is important to check the validity of the analysis. It should be noted that the authors claim that the classical SLS method is not applicable to viscous liquids. However, the amplitude of the fluctuations does not depend on the viscosity and SLS experiments have been performed with very viscous liquids (up to about 100 Pa.s, the water viscosity being about 1 mPa.s) [START_REF] Langevin | Heterodyne Spectroscopy at very low Frequencies[END_REF] . In other recent measurements, the light scattered simultaneously by an air-liquid and a liquid-liquid surface was detected and analyzed. Because the characteristic frequencies and damping are different, the two corresponding spectra could be obtained after a fitting procedure [START_REF] Koller | Interfacial Tension and Liquid Viscosity of Binary Mixtures of n-Hexane, n-Decane, or 1-Hexanol with Carbon Dioxide by Molecular Dynamics Simulations and Surface Light Scattering[END_REF] .

As mentioned earlier, vibrations are a major problem in the technique and the use of a grating to create a well-defined oscillator is a valuable solution. Acousto-optic modulators can be also used as local oscillators, but their cost is significantly higher. Vibrations can also be reduced when the light beam travels through a liquid phase. In this geometry, the scattered intensity can be maximized by working in total reflection conditions [START_REF] Langevin | Light Scattering by Liquid Surfaces and Complementary Techniques[END_REF] . However and obviously, the geometry cannot be used when the liquid in which the beam travels is turbid.

Related advances were obtained with inelastic scattering using X-ray sources. The wavelength of Xrays is much smaller than that of light, but smaller scattering angles were used, so the range of wave vectors is similar. The technique has been extensively used for thin film studies on solid substrates, for which light scattering experiments are notoriously difficult [START_REF] Langevin | Light Scattering by Liquid Surfaces and Complementary Techniques[END_REF] . The X-ray technique makes use of grazing incidence scattering: by varying the grazing angle of incidence from below to above the critical angle for total reflection, one changes the penetration depth of the X-rays into the films and can selectively probe the surface or underlying regions of the films. The method was also employed to study dynamics of buried surfaces. A recent review was written by Sinha et al. [START_REF] Sinha | X-ray Photon Correlation Spectroscopy Studies of Surfaces and Thin Films[END_REF] 

Data analysis

In the very first experiments of the Bouchiat's group, the scattered spectra were fitted with a Lorentzian profile, which frequency and half-width were identified to the solutions of the dispersion equation,  q and  q , respectively [START_REF] Bouchiat | Demonstration of capillarity waves excited thermically at surface of a liquid by inelastic diffusion of coherent light[END_REF] . Later during the same year, they reported a study of glycol, which viscosity was chosen to explore the transition region between propagating and overdamped waves [START_REF] Cruchon | Laws of dispersion and attenuation of capillarity waves spread on surface of various pure liquids[END_REF] . The study revealed that the spectral shape was not purely Lorentzian. Furthermore, the frequencies and widths were significantly lower than predicted by the dispersion equation 7. The setup was equipped with a correlator that provides the correlation function G q (t), which is the Fourier transform of the spectrum P q (). However, the frequencies of the oscillations of the correlation functions and their damping did not agree either with the predictions of the dispersion equation, the damping was found smaller by factors up to 2. The following year, the group proposed new expressions of P q () and G q (t) in the propagating regime 21 :

(10) (11) Expressions for the overdamped regime were also derived [START_REF] Meunier | Experimental study of capillarity waves thermally excited at surface of a pure liquid for near hydrodynamic systems of critical amortization[END_REF] . Not surprisingly P q () is the spectrum of a thermally excited harmonic oscillator. Figure 3 shows the frequencies and damping measured with both a spectrum analyzer and a correlator, together with the roots of the dispersion equation. It is seen that there are significant differences between these measurements and the roots of the dispersion equation. The frequencies and damping calculated for the spectrum and its Fourier transform (equations 10 and 11) are also shown, and a better agreement with the experiments is observed. Two years later, the study of a liquid of large refractive index (n=1.6), for which the scattered intensity by the surface is larger, evidenced systematic deviations with the spectrum of equation 10, as shown in figure 4. The origin of the discrepancy between the spectrum of the thermally excited harmonic oscillator is due to the fact that the surface is not isolated, but is coupled to the bulk liquid: it does not behave as an elastic membrane having the same vibration modes and its thermal motion is correlated with the motion of the bulk liquid. A new spectral shape was proposed 23 : (12) the term between brackets being the inverse of D() given in equation 7. The differences in the spectra of Figure 4 are associated with significant differences in surface tension (7%) and viscosity (30%). The values derived from equation 12 correspond to those measured independently, using other methods. This illustrates how important it is to use the correct spectrum if exact values of surface tension and viscosity are to be determined.

Also in 1971, the spectrum of the light scattered by liquid surfaces covered by monolayers was derived [START_REF] Langevin | Spectrum of thermal fluctuation of liquid recovered from thin film[END_REF] using the hydrodynamic model proposed by Kramer [START_REF] Kramer | Theory of light scattering from fluctuations of membranes and monolayers[END_REF] . In addition to surface tension and bulk viscosity, this model introduced a surface compression modulus E (sometimes called dilatational) and the corresponding surface viscosity  E . These two new parameters were combined into a complex viscoelastic modulus E*= E + i E , as in bulk descriptions of viscoelasticity, the modulus being handled as a response function. Kramer also introduced a transversal viscosity  N that he associated to a complex surface tension: i N . This led him to the following dispersion equation:

In the absence of transversal viscosity, this equation is the same than that derived by Levich 10 and in a form similar to equation 13 by Lucassen and Lucassen-Reynders [START_REF] Lucassen-Reynders | Properties of capillary waves[END_REF] .

The dispersion equation can be rewritten in reduced frequency units S = i  D(S)taking the form  with the reduced units = E/ , =  E q/(2), and = N q/(2).The spectrum of the scattered light was shown to be given by 24 :

(

Note that Kramer did not calculate the spectrum, he assumed that this spectrum was a superposition of Lorentzians, one for each root of the dispersion equation. As mentioned previously for pure liquids, it is important to use the spectrum of equation 14 in order to avoid systematic errors in the determination of the measured parameters.

The derivation of the spectra (equations 12 and 14) was criticized 15 years later by Hajiloo and Slattery [START_REF] Hajiloo | Stochastic interfacial disturbances created by thermal noise and the importance of the interfacial viscosities[END_REF] . They first argued that there was an error of a factor 2 in the calculated amplitude, whereas the calculations were fully correct. Hajiloo and Slattery used a tensor description of the surface stresses which is more appropriate than the descriptions of Levich and Kramer for surfaces of arbitrary form. However, the two descriptions are equivalent in the case of flat surfaces. Hajiloo and Slattery then claimed that surface tension gradients and the Boussinesq surface viscosities are not properly accounted for in equations 12 and 14. This is a strange criticism, because the dispersion equations appearing in these equations were derived by Levich, who was the first able to attribute the anomalous damping of the surface waves to surface tension gradients at the surface of water covered by layers of surface active substances: the compression modulus E that he introduced (noted  in his book) is a measure of these tension gradients. The Boussinesq viscosities are also accounted for in equations 12 and 14: the compression viscosity  E is the sum of the shear and pure compression viscosities (the surface waves considered involve uniaxial compression).

Another 15 years later, Buzza [START_REF] Buzza | General Theory for Capillary Waves and Surface Light Scattering[END_REF] presented a calculation of the spectrum using the same tensor description than Hajiloo and Slattery, and also obtained the spectrum of equation 14. He argued that the surface transversal viscosity should not exist, although many experiments could not be interpreted without adding this extra parameter. It is perfectly true that a surface tension is a thermodynamic equilibrium quantity and cannot be handled as a response function. This was discussed earlier in ref [START_REF] Langevin | Light Scattering by Liquid Surfaces and Complementary Techniques[END_REF] and it was proposed that the transversal viscosity could arise from non-linear behavior. Buzza and his coworkers proposed earlier a description of this non-linearity, attributed to the curvature of the surface during the wave propagation [START_REF] Buzza | Theory of surface light scattering from a fluid-fluid interface with adsorbed polymeric surfactants[END_REF] . However, estimations of these effects led them to the conclusion that they were negligible (the curvature terms are smaller than the other contributions by factors of the order of q q or q 2  q 2. ,  q being the wave amplitude of a surface mode, i.e. a small fraction of nanometer, and q the wave vector, of the order of 10 5 m -1 ) .This problem of data analysis will be discussed further in section 6.3.3.

Other theoretical spectra were proposed for the surface of anisotropic liquids and liquid-liquid surfaces, with or without viscoelastic surface layers, their description can be found in [START_REF] Langevin | Light Scattering by Liquid Surfaces and Complementary Techniques[END_REF] .

Instrumental broadening and data fitting

Because of the small scattering angles, instrumental broadening is a serious problems in the regime where surface waves propagates (broadening is absent in the overdamped regime). When the liquid viscosity is sufficiently small, for instance for water, the theoretical spectral shape is close to a Lorentzian. Using Voigt functions, which are convolution of Lorentzians and Gaussians, allows to easily obtain the instrumental function [START_REF] Langevin | Light-scattering from free-surface of water[END_REF] . It was found that this function was not fully Gaussian, suggesting that broadening is not only due to the width of the laser beam (which would lead to a Gaussian instrumental function 1.SLS results for water, 21°C;  q is the frequency of the peak of the spectra ( q /2),  their half width (at half the maximum height), a is the Voigt parameter of the instrumental function,  i its half width, q the corresponding spread in wave vectors and  q the corrected half-width ( q /2). Data from 30 .



The parameter a of Voigt functions is intermediate between a = 0 for a Gaussian function and a ∞ for a Lorentzian function. The fact that the instrumental function was not purely Gaussian in the experiments of ref [START_REF] Langevin | Light-scattering from free-surface of water[END_REF] was probably due to residual vibrations. However, the spread of q is close to that estimated for the beam waist (q ~ 30 cm -1 ), meaning that the contribution of vibrations was small. In later experiments using gratings, the instrumental function was closer to Gaussian. However, care to be taken in methods not using gratings. Other options are of course to use large enough wave vectors, as instrumental broadening corrections become small above q = 1000 cm -1 .

Many authors used correlators instead of wave analyzers and could not fit directly the experimental spectra to the theoretical one. They generally use a "phenomenological fitting" for the measured correlation function G q (t) to the equation: (15) where A and B are fitting constants,  and  are the frequency and damping constant of the waves,  a phase term that accounts for a deviation of the power spectrum from a Lorentzian shape and the last term is the instrumental broadening correction (assuming a Gaussian instrumental shape).

Because there are many parameters to be determined, it is advisable to determine the parameter m experimentally, for instance using the surface of clean water. Several authors identify  and  to the roots of the dispersion equation, an incorrect procedure as discussed earlier. Because the power of computers has greatly improved since the 70's, it rather is advisable to directly fit the measured correlation functions with the calculated Fourier transform of the theoretical spectra [START_REF] Cicuta | Recent developments of surface light scattering as a tool for opticalrheology of polymer monolayers[END_REF] .

Experimental results

Examples of achievements obtained with the SLS technique will be described in the following. Some authors used approximate versions of the spectrum, so the reported results could be affected by systematic errors.

Surfaces between pure fluids

Despite the technique is not easy to use, it is non-perturbative (apart from laser illumination) and it can be useful for systems to be characterized at high temperature and pressure, such as crude oil systems. The setup developed by Dorshow et al for instance operated up to 75 MPa and 150°C [START_REF] Dorshow | An adjustable-resolution surface laser-light scattering spectrometer and its application to the measurement of interfacial-tension and viscosity in crudeoil systems[END_REF] .

Liquid metals also require non-invasive techniques for the study of their surfaces. SLS revealed the existence of a surface region with properties different from those of the bulk, possibly due to residual oxidation despite the precautions taken [START_REF] Kolevzon | Light-scattering spectroscopy of a liquid gallium surface[END_REF] . Succinonitrile is a widely used metal analogue and has also been studied using SLS [START_REF] Tin | Determination of surface tension of succinonitrile using a surface light scattering spectrometer[END_REF] .

The influence of gelification of the liquid was also studied with SLS. The theory by Harden et al predicted the existence of elastic waves (Rayleigh modes) in addition to the usual capillary waves [START_REF] Harden | Hydrodynamic surface-modes on concentrated polymersolutions and gels[END_REF] . The influence of this new type of waves on the SLS spectrum were observed by Dorshow and Turkevich 36 , Cao et al [START_REF] Cao | Surface-waves on polymer-solutions -complete capillary wave-elastic wave crossover[END_REF] and by Huang et al. [START_REF] Huang | Clear-cut experimental observation of the capillary wave to elastic wave crossover in concentrated polymer solutions[END_REF] . Note that the frequencies of the two waves could not be separated as in excited surface waves experiments [START_REF] Monroy | Direct experimental observation of the crossover from capillary to elastic surface waves on soft gels[END_REF] .

Surface freezing of alkanes was first discovered in 1992 during SLS experiments by Hugues and Earnshaw 40 41 . In this intriguing phenomenon, a crystalline monolayer forms at the free surface for a range of temperature up to 3°C above alkane bulk freezing temperature. This results in a decrease of the entropy contribution to the surface tension and in a discontinuity of the surface tension. The SLS analysis has been carried out by replacing the equilibrium surface tension  eq by + i N ;  was found smaller than  eq and  N negative. Surface freezing of alkanes is closely related to the freezing of mixed oil-surfactant monolayers [START_REF] Tokiwa | Effect of Surface Freezing on Stability of Oil-in-Water Emulsions[END_REF] , a property used recently to obtain very stable emulsions [START_REF] Denkov | Self-shaping of oil droplets via the formation of intermediate rotator phases upon cooling[END_REF] .  Fluids close to their critical point are also candidates for SLS investigations. Rubio and his coworkers studied in detail micellar solutions. After phase separation beyond the critical point, three surfaces are present, the surface between the separated phases and the surfaces between each of them and air (or another liquid phase). The Antonov's rule says that the largest tension is equal to the sum of the two others and is well obeyed by simple fluids. Rubio et al found that this rule was not obeyed in the micellar solutions [START_REF] Diez Pascual | Bulk and interfacial properties of a cationic micellar system near the critical point[END_REF] . Other surfactant systems (microemulsions) already showed this peculiar behavior, see in [START_REF] Langevin | Light Scattering by Liquid Surfaces and Complementary Techniques[END_REF] .

No recent studies of anisotropic liquids were reported, apart from a study of a thin film of smectic liquid crystal [START_REF] Sharma | One nanosecond photon correlation spectroscopy on smectic liquid crystal films[END_REF] . Propagating and overdamped waves were observed to coexist, which characteristics differ from those expected from current models.

Non equilibrium surfaces

SLS is potentially interesting for non-equilibrium surfaces. It allowed for instance the measurement of the transient surface tension between miscible liquids [START_REF] May | Capillary-wave relaxation for a meniscus between miscible liquids[END_REF] . The non-equilibrium crystal melt surface was reviewed by Cummins in [START_REF] Langevin | Light Scattering by Liquid Surfaces and Complementary Techniques[END_REF] .

Transfer of substances across a surface can also be studied. Intensity measurement were performed by Sawada and his group during an oscillatory surface chemical reaction [START_REF] Takahashi | Direct observation of dynamic molecular behavior at a water/nitrobenzene interface in a chemical oscillation system[END_REF] . Surfactant transfer across an oil-water surface was monitored by measuring the surface tension using SLS. They evidenced unexpected induction periods.

The surface tension under the dynamic conditions provided by an overflowing cylinder was also studied using SLS. The dynamic surface tension could then be determined without perturbing the flowing surface [START_REF] Eastoe | Dynamic surface excesses of fluorocarbon surfactants[END_REF] .

It should be noted that dynamic scattering techniques are not always well suited to studying timedependent non-equilibrium processes. The time needed to record the SLS spectrum (or the correlation function) can be much longer than the timescale of the non-equilibrium process under study. The problem was avoided by Cicuta et al in a study of fluid phases close to a critical point. In this case, the intensity scattered by the interface is large and can be accurately measured [START_REF] Cicuta | Equilibrium and nonequilibrium fluctuations at the interface between two fluid phases[END_REF] . After a rapid cooling step, it was possible to record the scattered intensity versus scattering angle in a fraction of second, thanks to an optimized set-up. After substraction of the bulk scattering contribution, the variation of surface tension with time could be obtained. It was found that the equilibration time is much smaller than the equilibration time of bulk phases, suggesting that the surface tension is probably following the local temperature almost instantly,

Monolayers on water

SLS monolayer studies were the most numerous, although the most delicate in view of the large number of parameters to be determined. Usually, the surface tension and the bulk viscosity are measured independently. This is very important because surface tension that can be affected by residual contamination, either from the glassware, from the water substrate or from the chemicals in the monolayers. In some cases, even if these chemicals are very pure, they can chemically degrade in solution: for instance, the surface tension of solutions of the surfactant sodium dodecyl sulfate (SDS) changes after only minutes if the concentration is below the critical micellar concentration (cmc) [START_REF] Mysels | Surface-tension of solutions of pure sodium dodecyl-sulfate[END_REF] . This is because SDS hydrolyses forming dodecanol that is very surface active. Contamination together with different methods for data analysis explains the inconsistencies found between results of different authors.

When viscosity and surface tension are measured independently, preferentially on the same sample, one is left with two adjustable surface viscoelastic parameters, E and  E , the compression (storage) modulus and the compression viscosity ( E is the loss modulus). The transversal surface viscosity   is in principle zero, as discussed before. The fact that E and  E can be measured from the propagation characteristics of capillary waves is due to the coupling between capillary and surface compression waves as explained by Levich [START_REF] Levich | Physicochemical Hydrodynamics[END_REF] . The coupling is maximum when the ratio E/ is around 0.1, and there is only a small window of E values where this coefficient can be measured with accuracy. In addition, the frequency variations of the capillary waves due to compression of the monolayers are small, at maximum a few percent. The damping rate varies more appreciably (up to factors of about 3), but the accuracy of its measurement is reduced due to instrumental broadening corrections. It is therefore important to use the largest possible scattering angles to reduce or avoid instrumental broadening. As Levich pointed out, the coupling between capillary and compression waves is drastically reduced in monolayers at liquid-liquid surfaces, and surface compression viscoelasticity can only be studied exciting compression waves 51 52 .

Many published SLS determinations of viscoelasticity of monolayers on water could not be interpreted using only E and  E . Some authors introduced a transversal viscosity  N or allowed  E to be negative, or both. Buzza claimed that all the SLS experiments on monolayers on water could be explained using only E and  E and reanalyzed some previous data for proof [START_REF] Buzza | General Theory for Capillary Waves and Surface Light Scattering[END_REF] . Not all the data however allow making these corrections. For instance in the work of Langevin [START_REF] Langevin | Light scattering study of monolayer viscoelasticity[END_REF] , when the monolayers were very dense (close to collapse), the frequency of the waves did not fall into the predicted theoretical range. Because the problem concerns the frequency, there was no possible influence of instrumental broadening. Furthermore, negative viscosities were also frequently reported for excited waves at lower frequencies, where there is no instrumental broadening corrections and where the measurements are much more accurate than SLS ones 55 55 . Negative viscosities were even reported recently with very low frequency waves [START_REF] Cuenca | Interfacial Dynamics and Its Relations with "Negative" Surface Viscosities Measured at Water-Air Interfaces Covered with a Cationic Surfactant[END_REF] . It is therefore clear that the dispersion equation 13 is incomplete.

Before discussing the possibilities for improvements of the theory, the existing experiments will be briefly presented. The early work was performed with monolayers of substances insoluble in water and spread at it surface 4 .

Monolayers of small molecules

Most studies performed since the 1990's were performed with soluble surfactants. In the first study by Thominet et al, the dependency of E and  E on frequency was analyzed using the adsorptiondesorption model of Levich [START_REF] Levich | Physicochemical Hydrodynamics[END_REF] and a good agreement was found for SDS and DTAB (dodecyltrimethyl-ammonium bromide) solutions [START_REF] Thominet | Light-scattering study of the viscoelasticity of soluble monolayers[END_REF] . This model applies to surfactant molecules that can exchange freely between the surface monolayer and the bulk solution and when their motion is controlled solely by diffusion. The effective compression modulus E reads:

E = E 0  with     (16) 
 where E 0 is the high frequency modulus, at which the surfactant has no time to exchange with the bulk, D b is the surfactant diffusion coefficient (in bulk),  is its surface concentration and C its bulk concentration; E 0 = -d/d. The effective modulus E is close to E 0 at high frequencies, and to zero at low frequencies. The characteristic relaxation time  is such that = 1, i.e.= (2/D b )(d/dC) [START_REF] Langevin | Towards reproducible measurement of nanoparticle size using dynamic light scattering: Important controls and considerations[END_REF] This relaxation produces dissipation, resulting in a contribution to surface compression viscosity:

 E = (17) 
 E is small at small and high frequencies and is maximum around  D = 1. Note that this model is frequently called Lucassen model who proposed a formulation easy to use [START_REF] Lucassen | Damping of waves on monolayer-covered surfaces .2. Influence of bulk-to-surface diffusional interchange on ripple characteristics[END_REF] .

Earnshaw and McCoo were the first to report negative viscosities  E 59 in the study of CTAB (hexadecyl-dodecyl-trimethyl-ammonium bromide)solutions. They proposed that this could be due to adsorption barriers. It is to be noted that the behavior of excited capillary waves led also to negative compression viscosities for CTAB, while the results for DTAB were "normal" [START_REF] Monroy | Dilational viscoelasticity of surfactant monolayers[END_REF] . Negative compression viscosities were also found in dodecanol monolayers by Munoz et al [START_REF] Munoz | Viscoelastic behavior of 1-dodecanol monolayers undergoing a liquid-solid phase transition. A surface quasielastic light scattering study[END_REF] .

Studies of DTAC (dodecyl-trimethyl-ammonium chloride) solutions by Monroy et al [START_REF] Monroy | Capillary waves in ionic surfactant solutions: Effects of the electrostatic adsorption barrier and analysis in terms of a new dispersion equation[END_REF] deserve more comments. The data for DTAC solutions were analyzed with the Levich model. Because the fitted diffusion coefficient was found to be too small, an effective coefficient was used: D eff = D b e -e/kBT , where  is the surface potential and e the electronic charge. A better agreement was found adding a finite desorption rate (desorption barrier). Unexpectedly, the addition of salt that was expected to suppress the electrostatic repulsion between surfactant monomers and the monolayer during their adsorption, led in fact to the appearance of negative surface viscosities. Note that SLS experiments with DTAC were also performed by Kizling et al [START_REF] Kizling | Viscoelastic properties of dodecylammonium chloride monolayers[END_REF] , but not analyzed it detail.

Sharpe and Eastoe used SLS to investigate several surfactant solutions, CTAB, AOT (sodium di-ethylhexyl sulfosuccinate) a few nonionic surfactants, C 10 E 5 and C 15 E 8 (polyoxyethylene alkyl ethers), diC 6 Glu, a glucamide surfactant, CsPFO (cesium pentadecafluorooctanoate), a fluorocarbon surfactant, and diC 8 -PL, a short chain phospholipid [START_REF] Eastoe | Fluorinated surfactants in supercritical CO2[END_REF] . They did not evidence tranversal viscosities, even for CTAB. Sharpe and Eastoe mention that they used smaller wave vectors than in the study of Earnshaw and McCoo, and proposed that the relaxation processes associated with tranversal viscosities should occur at high frequency. They report negative compression viscosities for all surfactants, that increase when the frequency decreases and become very small at high frequency. In neutral monolayers,  E is less negative than in charged monolayers, suggesting that the electrostatic adsorption barrier might play a role. Another striking (and unexplained) result is the change in sign of  E when dodecane is added at the top of water.

Other studies were performed recently by Ueno et al with solutions of various surfactants, DTAB and a few derivatives, C 10 E 5 , and two lipids diC 6 -PC and diC 8 -PC [START_REF] Ueno | Surface dilational viscoelasticity of aqueous surfactant solutions by surface quasi-elastic light scattering[END_REF] . Negative  E were found for DTAB close to the cmc, but the frequencies used were larger than in earlier measurements where no negative viscosities were reported [START_REF] Thominet | Light-scattering study of the viscoelasticity of soluble monolayers[END_REF] . Umeo et al tried different methods to fit the concentration variation of the modulus E: Levich model, a model with an additional adsorption barrier and since none could represent the data satisfactorily, they used an empirical model in which they replaced the characteristic relaxation time = (2/D b )(d/dC) 2 by an adjustable parameter. Because the surfactant is ionic, the Levich model is however inadequate and a more detailed account of the surface potential in the adsorption barrier is needed [START_REF] Bonfillon | Electrostatic model for the viscoelasticity of ionic surfactant monolayers[END_REF] . Furthermore the high frequency elasticity E 0 that appears in the Levich equation was calculated using fits of the surface tension to empirical equations of state, a procedure that leads to errors [START_REF] Jayalakshmi | Viscoelasticity of surfactant monolayers[END_REF] . It is therefore possible that a more physical data analysis could account for the results.  Solutions of octyl glucoside surfactants were studied by Rojas et al. [START_REF] Rojas | Viscoelastic properties of isomeric alkylglucoside surfactants studied by surface light scattering[END_REF] The Levich model was in qualitative agreement with the results, but the diffusion coefficient found in the data fitting was much larger than the expected value.

Larger surfactants molecules, "Pluronics", were also studied by Kim and Yu [START_REF] Kim | Surface rheology of monolayers of triblock copolymers of PEO and PPO: Surface light scattering studies at the air/water interface[END_REF] . These molecules are small triblock copolymers of polyethylene oxide (PEO) and polypropylene oxide (PPO). They are peculiar surfactants, because once adsorbed, they do not desorb anymore. In these experiments, the surfactant was spread as an insoluble substance. Kim and Yu found negative surface compression viscosities above concentrations where the monolayers become compact. Pluronics were also used in the Rubio's group to evidence the onset of elastic waves at large surfactant concentration, when the bulk solution becomes viscoelastic 69 .

Polymer monolayers

Polymers insoluble in water can be spread at its surface, and form monolayers if they are not too hydrophobic. Depending on their hydrophobicity, their behavior is intermediate between expanded and condensed monolayers, also typical of monolayers of fatty substances. The more hydrophilic polymers behave as 2D polymers in good solvent with a surface pressure  (which is the change in surface tension produced by the monolayer) that varies as  3 . In poorer solvents,  still varies as  y , but y is larger [START_REF] Monroy | Langmuir polymer films: recent results and new perspectives[END_REF] . Figure 5 shows schemes for the extreme cases and different surface concentrations.

At low surface concentration, the chains are isolated and form 2D coils. When  increases, they come into contact at *. In good solvent conditions, the chain interpenetrate at > * and may partially entangle. This is because some polymer segments being compressed escape in the water substrate. De Gennes showed that the chains form a self-similar structure, very dense close to the surface and becoming quite loose rapidly away from this surface. The layers are not then strictly speaking 2D [START_REF] De Gennes | Polymers at an interface -a simplified view[END_REF] . Above a concentration **, the thickness of the layer remains constant. In poor solvent conditions, the coils do not interpenetrate above * and shrink as the concentration is increased. The surface viscoelasticity of these two types of monolayers is different as it could be expected. SLS experiments showed that the surface compression modulus and viscosity increases slowly with  in the first case and sharply in the second case 4 72 .

When the polymer is soluble in water, for instance POE, Yu and coworkers showed that the adsorbed and spread layers were identical, provided the bulk concentration is small [START_REF] Esker | Dilational viscoelastic behaviors of homopolymer monolayers: surface light scattering analysis[END_REF] . At large bulk concentration, Cao and Kim showed that much thicker layers are formed (the polymer keeping adsorbing at the surface as time goes on) [START_REF] Cao | Adsorption layer effects on surface-waves at the polyethyleneoxide (PEO) solution air interface[END_REF] . Negative compression viscosities for copolymers of PEO and PDMS (polydimethylsiloxane) were reported by Huang and Wang [START_REF] Huang | Surface light scattering studies of soluble block copolymer surfactants at the air/water interface[END_REF] . Richard and coworkers studied PEO monolayers, both spread and adsorbed and graft copolymers, and found both non-zero  N and negative  E . The same difficulties encountered with surfactant monolayers are therefore present with polymers, which make physical interpretations difficult. This prevents to safely analyze the relaxation process occurring in the frequency range probed by SLS, which is unfortunate because only the inelastic X-ray technique also allows accessing this frequency range.

In many reports, only the frequencies and damping rates are provided, and no information on the viscoelastic parameters is given. More complete studies were performed by the group of Rubio; they added information on the behavior at low frequency as obtained from excited surface waves as well as on surface tension and layer thickness variations with surface concentration. They extensively studied PVAc. The high frequency compression modulus was found systematically larger than the equilibrium value. Its frequency dependence is of Maxwell-type (Figure 6). The relaxation time varies with temperature with Arrhenius activation energy of about 30 kBT. It corresponds to a collective relaxation of segmental motion which origin is still not fully clear. Other types of fast motions were found in excited wave experiments. Figure 7 shows the variation of the compression viscosity with frequency. A remarkable shear thinning behavior is observed over ten frequency decades. A broader distribution of relaxation times was found for the more hydrophobic polymer P4HS (poly4 hydroxystyrene), extending from 100 Hz to 10 kHz [START_REF] Monroy | Dilational rheology of Langmuir polymer monolayers: Poor-solvent conditions[END_REF] . As for PVAc, the short relaxation times are systematically found to decrease with increasing polymer concentration. In the case of PVAc, this time varies linearly on concentration. Much stronger concentration variations are observed for the relaxation times with chains in theta-or poor solvent conditions.

The SLS method was used for layers of a very hydrophobic protein, hydrophobin, by Aumaitre et al [START_REF] Aumaitre | On the measurement of the surface pressure in Langmuir films with finite shear elasticity[END_REF] . This protein forms solid layers and the classical measurements of surface tension, such as those made with Wilhelmy plates, become questionable. Three parameters had to be obtained from the SLS data, , E and  E . A good agreement was however reported between the surface tension measured with SLS and Wilhelmy plates. The viscoelastic coefficients increase and reach values above the sensitivity of the method when the surface pressure is still zero.

Inadequacy of the dispersion equation

As seen before, in the description by Kramer, the surface tension is handled like a response function, which is physically incorrect. However, many authors reported the existence of a transversal viscosity, especially in very dense layers, where the compression parameters no longer affect the propagation of capillary waves. This could signal the existence of non-linearity, for instance such those seen by Earnshaw and coworkers close to surface freezing.

Negative viscosities were also reported by many authors, not only with high frequency capillary waves, but with waves excited at lower frequency. In this case, there is no instrumental broadening and the frequencies and damping are equal to the roots of the dispersion equation. The data analysis is thus much easier and accurate than with SLS. Negative viscosities were frequently found close to phase transitions. Note that experiments in two-phase regions becomes difficult to interpret, because the propagation of surface waves is perturbed by the presence of surface domains [START_REF] Monroy | Dilational rheology of Langmuir polymer monolayers: Poor-solvent conditions[END_REF] .

Non-linearity was recently evidenced at the surface of CTAB solutions and related to the observed asymmetry between adsorption and desorption processes [START_REF] Cuenca | Interfacial Dynamics and Its Relations with "Negative" Surface Viscosities Measured at Water-Air Interfaces Covered with a Cationic Surfactant[END_REF] . In this case, it is obvious that the dispersion equation no longer holds, and if the propagation data are fitted to this equation, negative  E are found. 

There are therefore a few leads that could help to elucidate the origin of the unphysical terms in the dispersion equation. It remains to derive an equation accounting for the various features observed. This achievement will then allow to safely study interpret the propagation of waves at the surface of water covered by monolayers, which is quite an important topic. Coalescence in emulsion and foams for instance remains not well understood, because it implies very rapid motion of the monolayers at the surface of bubbles or drops, which description is still incomplete despite of years of investigation.

Conclusion

The SLS technique is a powerful non-invasive tool to investigate the dynamic properties of liquid surfaces. The technique is not simple to operate, and despite improvements allowing to use cheap elements, there is still no commercially available set-up. The surface tension and bulk viscosity of simple fluids can be measured in many more simple ways, but the SLS technique is interesting for anisotropic liquids, thin liquid films, liquids at high temperature/ pressure and surfaces of ultra low tension. The technique is also interesting for surfaces when one of the fluids is close to gelification or crystallization. There are not many studies of waves at the surface of solids, interesting ones were performed at the surface of helium-4 crystals: the melting-freezing waves were excited and could be observed by scattering of light thanks to their fast growth dynamics. It was then possible to measure the surface stiffness, a tensorial quantity related to the surface free energy or surface tension [START_REF] Balibar | The surface of helium crystals[END_REF] .

The SLS technique has been extensively applied to the study of monolayers at the water surface. It should be recalled here that the method is not accurate enough for the study of monolayers at liquid-liquid surfaces (at least with liquids of comparable viscosities). In addition to surface tension and bulk viscosity that can (and must) be measured separately, the spectrum of the scattered light depends on two surface compression viscoelastic parameters, a modulus E and a viscosity  E .

Corrections due to instrumental broadening and account of the differences between the actual spectrum and Lorentzian shapes are necessary. It is advisable to determine the instrumental broadening function separately. The exact theoretical spectrum needs to be used, in order to avoid systematic errors on the viscoelastic parameters. When the monolayers are not too compact, the method gives generally physically sound results. The method is then interesting to probe the hydrodynamic surface behavior at high frequencies (between 10 kHz and 1 MHz).

In many cases however, the dispersion equation of the surface waves needs to include unphysical parameters to enable data fitting. The origin of these parameters remains to be elucidated
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 1 Figure 1. Surface of ultralow tension, between phases containing polymers and colloidal particles, for which thermal fluctuations can be observed with optical microscopy. Typical image (17.5 × 70 μm 2 ), the yellow dots on the right are added to visualize better the surface location. Reprinted with permission from
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 2 Figure 2. Solutions of the dispersion equation (full lines) with experimental determinations (circles and crosses) for the surface of various liquids as indicated. Adapted from 11
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 3 Figure 3. Solutions of the dispersion equation (dotted lines), calculated values using equations 10 and 11 (full lines) and comparison with experimental determinations: a) spectrum analyzer; b) correlator. Surface of silicon oils mixtures of selected viscosities. Adapted from 21 .
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 41 Figure 4. Spectrum of the light scattered by the liquid crystal MBBA, 7 degrees above the nematic-isotropic transition temperature; q=258 cm -1 . The frequency  is expressed in Hz ( = /2).Figure adapted from 22 .
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 5 Figure 5. Schematic representation of polymer chains in surface monolayers;(A) good solvent and (B) poor solvent conditions. From left to right: dilute, semi-dilute and concentrated regimes found for different surface concentrations. Reprinted with permission from 70 .
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 6 Figure 6. Surface compression modulus and viscosity of PVAc monolayers with  0.6 mg/m 2 (~**/2), together with best fits with a Maxwell model. Adapted with permission from 75 

Figure 7 .

 7 Figure 7. Frequency dependence of the compression viscosity of PVAc monolayers, = **. Reproduced with permission from 75

Table

  ). Examples of corrections are shown in table 1:

	q	 q		a	 i	q	 q
	cm -1	Hz	Hz		Hz	cm-1	Hz
	153	2550	340	0.5	319	24.2	55.2
	240	5015	500	0.8	373	23.8	186
	304	7240	770	0.8	575	32	288
	366	9510	780	1.18	482	25	420
	469	13450	1115	1.2	684	32	609
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