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Abstract

We report on extensive measurements of the low and high frequencies sound velocity and
sound absorption in AOT-water-decane microemulsions deduced from ultrasonic and, for the
first time as far as the absorption is concerned, from Brillouin scattering experiments. New
experimental results on dielectric relaxation are also reported. Our results, which include data
taken for critical as well as dense microemulsions, show new interesting relaxation phenomena.
The relaxation frequencies deduced from very high frequency acoustical measurements are in
good agreement with new high frequency dielectric relaxation measurements. We show that along
the critical isochore, sound dispersion, relaxation frequency, and static dielectric permittivity can
be accurately fitted to power laws. The absolute values of the new exponents we derived from
experimental data are nearly equal, and they are very close to f# =0.33 characterising the shape of
the coexistence curve. The exponent characterising the infinite frequency permittivity is very close
to 0.04 relevant to the diverging shear viscosity. For dense microemulsions, two well defined
relaxation domains have been identified and the temperature variations of the sound absorption
and the zero frequency dielectric permittivity bear striking similarities. We also show that the
relaxation frequency of the slow relaxation process is almost independent of temperature and
volume fraction and so cannot be attributed to percolation phenomena, whereas it can more likely
be attributed to an intrinsic relaxation process probably connected to membrane fluctuations.
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1. Introduction

It has been shown by Schulman [1] in the 40s that a mixture of oil, water, surfactant
and eventually co-surfactant (long chain alcohol) can form a transparent homogeneous
and thermodynamically stable systems known as microemulsions. The microemulsions
can be made of water droplets coated by a surfactant monolayer floating in a bath
of oil, the diameter of the droplets being typically 150 A (inverse or water-in-oil
microemulsion) or of direct oil-in-water microemulsion. It was realised in the mid-70s
that the phase diagram of these systems was extremely rich. Upon varying the phys-
ical parameters characterising the system like the chemical nature of the surfactant
(ionic or non-ionic) and of the oil, the volume fraction @ of the dispersed phase, the
temperature, etc., it has been possible to observe different type of phases with vari-
ous morphological structure like droplet phases, bicontinuous phases, sponge phases,
lamellar phases, liquid crystal phases, etc. to evidence phase traditions like cloud point
curves and percolation phenomena.

Among the various types of microemulsions, one of the most interesting is the ternary
system water-decane-AOT (di-2 ethylhexyl sodium sulphosuccinate), the AOT molecule
being an ionic surfactant having a polar head and two hydrocarbon bulky tails. The
surfactant film made of AOT possesses a spontaneous curvature directed toward water
due to hydrophilicity—lipophilicity imbalance of the AOT. At room temperature, in the
Gibbs phase diagram one observes a large one-phase region (L, region) extending
from the decane corner into the middle of the Gibbs triangle. The dilution of the
microemulsion can be achieved by adding decane to the solution. The phase diagram
of this system at a value of the molar ratio X of [Water]/[AOT] equal to 40.8 is given
in Fig. 1 of Ref. [2]. It shows a cloud point curve with a lower critical point located
close to Tc =40°C and ®@c =10%. It has been shown by neutron scattering that the
water droplets (in this case water-in-oil) are identical below and above the critical
temperature in the disordered and ordered system, respectively. This demonstrates that
the critical microemulsion can be treated much like a binary system, the order parameter
of the second order phase transition being the volume fraction @ of the dispersed phase.
At high volume fractions, @ > 42%, the system displays other types of phases such
as bicontinuous phases, sponge L3 phases, L, lamellar phases and eventually, at high
temperature, a direct oil-in-water microemulsion phase (Fig. 1 of Ref. [2]).

The low frequency electrical conductivity ¢ of the microemulsion system has been mea-
sured as a function of both the volume fraction and the temperature [3—7]. A huge in-
crease of the conductivity by about three orders of magnitude associated to a percolation
phenomenon is observed. The latter is mediated by the hopping of the charges carried
by the Na™ counter-ions on a transient fractal network made by the droplets interacting
via an attractive pair potential. For each volume fraction, the position of the percolation
point is defined by the inflexion point in the plot of ¢ vs. T. The electrical conductivity
percolation locus constructed using this procedure, cross over the phase diagram (Fig. |
of Ref. [2]). It starts in the immediate vicinity of the critical point at high temperature
and low volume fraction, down to low temperature and high volume fraction.
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Microemulsions used as model systems have been studied by many different experi-
mental techniques such as quasi-elastic light scattering, neutron scattering, small-angle
X-ray scattering, ultrasonic methods, dielectric spectroscopy, molecular dynamic sim-
ulations, etc. As far as the quasi-elastic light scattering is concerned, light beating
spectroscopy has been extensively used for the study of the concentration fluctuations
which are reflected in the Rayleigh or non-shifted central line. Measurements of its line
width lead to the mass diffusion coefficient of the droplets which shows an anoma-
lous behaviour close to the consolute liquid—liquid critical point [8]. On the other hand,
very few measurements have been reported on the Brillouin lines [9-11], the frequency
shifted components of the polarised scattered light of a fluid. Brillouin lines are phys-
ically connected to the diffraction of the light on the thermal sound waves (pressure
fluctuations) propagating at the speed of sound in the mixture. A Brillouin scattering
experiment allows us to measure the sound velocity and the sound absorption at very
high frequencies typically in the GHz range. Ultrasonic techniques allow us to per-
form nearly similar measurements but in the MHz range and even in the kHz domain.
Using this techniques, extensive experiments on AOT based systems have been previ-
ously performed by Ye et al. [10], Zana et al. [12], Cametti et al. [13], Harada and
Tabuchi [14]. Therefore, by combining these two experimental methods it is possible
to deduce the sound dispersion properties in a very large frequency range. On the other
hand, from time domain reflectometry experiments [15], one can sample high frequency
dielectric properties of the system.

In this paper, we will first summarise some results of the hydrodynamic theory of
thermal fluctuations for binary fluids, and then on the theory of mode coupling. In
the next section, we will give some details on the Brillouin scattering experimental
set-up and of time domain reflectometry which are not standard techniques. Next,
we shall describe and discuss the new experimental results we obtained both at very
high (Brillouin) and low (ultrasounds) frequencies. We will compare these results with
those we inferred from dielectric relaxation spectroscopy both in time and frequency
domains. All these experiments have been conducted as a function of both temperature
and volume fraction. As we shall see in this paper, our new extensive set of experiments
leads, for instance, to the observation of new scaling behaviours in temperature of some
physical properties like sound dispersion, dielectric permittivities, relaxation frequencies
and some unexpected effects like the complete similar behaviour between the high
frequency sound absorption and the electrical conductivity for dense microemulsion
when crossing the percolation threshold.

2. Theoretical background
2.1. Hydrodynamic model of a binary fluid

It has been shown [8] that microemulsion can be treated much like a binary fluid. In
a Rayleigh—Brillouin scattering experiment one measures the dynamic structure factor
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S(g, ) which is proportional to the Fourier transform of the space and time dependent
correlation function of the dielectric constant fluctuations. In terms of statistically in-
dependent variables, these fluctuations can in turn be written as a function of the local
velocity, pressure, temperature and a linear combination of pressure and temperature.
The details of the calculation are given by Berne and Pecora [16] and will not be
reproduced here. The eigen frequencies of the system are the complex frequencies for
which the determinant of the 4 x 4 hydrodynamic matrix is zero. In the case of a
binary mixture one obtains four roots. Two roots s; and s, are real and correspond to
the unshifted Rayleigh line. They are approximately given by
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In the above equations, A is the thermal conductivity, po the mass density, c, the
specific heat at constant pressure, D the mass diffusion coefficient, u the chemical
potential and kr the thermal diffusion coefficient. ¢ is the wave vector of the thermal
fluctuation selected by the experimental set-up: g = (4nn/1)sin 0/2, where n, 1, and 0
are, respectively, the refractive index of the sample, the laser wavelength in vacuum
and the scattering angle.

The two complex roots s3 and s4 which are responsible for the shift in Brillouin
lines, are given by s34 =—1'g£iQp, where the frequency shift is Qg ~ qu, u being the
adiabatic “thermodynamic” sound velocity. I'g, the Brillouin line half width, represents
the damping of the sound wave. The latter is given by
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In formula (2), ¢, is the specific heat at constant volume, or is the thermal expan-
sion coefficient, ns and ng are, respectively, the shear and the bulk (compressional)

viscosities;
0
a :—u +b
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is a transport coefficient. In this relation, 7 is the equilibrium temperature and a
and b are singular Onsager’s coefficients. On the other hand, kp, the barodiffusion
coefficient only depends on the thermodynamical properties of the mixture. It is given
by kp=— %E?Z ;ﬁ:i;ﬁ’r, where Py is the equilibrium pressure.

Accountinog for the numerical values for the scattering wave vector ¢ of the order of
1.5 x 107 m~! and the sound velocity u typically 1000 ms—', the two complex roots
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are connected to very high frequency propagative sound modes, typically of the order
5 GHz. So, the frequency shift £ is in fact proportional to the hyper sound velocity
Uso, Which is slightly larger than the ultrasonic velocity u:
2
uoo%u(l—l—z];%). 3)
This comes from the fact that in Brillouin scattering experiments the scattering wave
vector ¢ is fixed and real, whereas in ultrasound experiments, it is the frequency w
which is imposed upon.

Once the eigen frequencies of the hydrodynamic matrix are known, it is easy to cal-
culate the Rayleigh—Brillouin spectrum and show that it is constituted of two unshifted
Lorentzian lines of half width —s; and —s, and two shifted Brillouin lines constituted
by a Lorentzian and an anti-symmetric Lorentzian both centered on frequency +Qp
and of half width I'g.

In the case of ultrasonic measurements, one induces a pressure wave in the mixture
located in between two PZT transducers. By changing the spacing between the two
transducers and measuring the positions and the amplitudes of the pressure maxima due
to the pressure stationary waves, one is able to deduce the sound velocity u and the
sound absorption coefficient o/ f? at frequency f = w/2n directly. The latter is directly
proportional to the Brillouin line half width I'y and is given by

o 4l
7 @

It is interesting to compare this value of the sound absorption to the so-called clas-

sical absorption (o/f?)css merely due to the static shear viscosity:

o 872
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2.2. Sound absorption and sound velocity near a critical point

2.2.1. Hydrodynamic regime

Close to a consolute point of a binary mixture, some thermodynamic and transport
coefficients like D, ‘:—’c‘, kp, kt, ns are anomalous. The diffusion coefficient D varies
like 7", where 7 is the reduced temperature T =(7¢c — T')/T¢c, and v=0.62 is the critical
exponent characterising the long range correlation length; du/dc varies like 77, where
y=2v=1.24. Similarly, the barodiffusion coefficient kp diverges like 7=7 [17], and as
shown by Giglio and Vedramini [18,19], the thermal—diffusion coefficient &t scales like
77, So in the vicinity of a critical point, the two central modes are decoupled and the
Rayleigh central line is constituted by a pure mass diffusion mode showing a critical
slowing down of half width I'y = D2, and a pure non-singular entropy (thermal) mode
of half width I', :qu/pocp. Typically, in this case, I'; is of the order of few kHz,
whereas I, is nearly 20 MHz, as in a normal liquid.

It is more difficult to discuss the respective contributions of the various terms
involved in the widths of the Brillouin line. As shown by Mallamace et al. [11,20],
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and by Berg and Moldover [21], the shear viscosity of the critical microemulsion
deduced from experiments diverges like t=%. Furthermore, according to the results
given above, the term

2
o(2), (5 -22)
dc )T Py pocp

which appears in Eq. (2) should diverge like 7", but little is known about the value
of this term. However, very recent experiments by Delville et al. [22] on phase tran-
sitions induced by lasers have first confirmed the scaling form of ky given above and
have also provided the amplitude kY ~ 3 of this coefficient in the case of a quaternary
microemulsion made of water, dodecane, sodium dodecyl sulphate and pentanol. There-
fore, in the hydrodynamic regime, one would expect a singular behaviour of the sound
absorption close to the critical temperature 7. On the other hand, since the adiabatic
compressibility is assumed to behave in a normal way in a critical binary fluid, no
singularity is a priori expected on the low frequency sound velocity.

2.2.2. Mode coupling theory of the critical-point singularity

The problem of sound propagation in the immediate vicinity of a liquid—gas critical
point or near a consolute point in a binary liquid in the non-hydrodynamic regime, has
been tackled by different authors. Besides the classical sound absorption calculated in
the previous section, the theoretical results obtained by these authors predict an extra
critical absorption and an anomaly of the sound velocity. A mode-coupling theory of
sound propagation has been developed by Kawasaki [23] for a pure fluid, and then by
D’Arrigo et al. [24,25] and Mistura [26] for a binary mixture. Later, more accurate
expressions of the sound absorption and dispersion have been derived by Ferrell and
Bhattacharjee [27] from their dynamic scaling theory of a critical binary fluid.

Close to a consolute point, the critical sound dispersion and attenuation at frequency
w can be written as a function of a reduced scaling variable w* = w/wp, where wp,
the Debye frequency is: wp =2DE2. In this model, the diffusion coefficient D close to
the critical point is given by its Stokes—Einstein expression: D = kpT./6mné. Assuming
that the correlation length ¢ scales like &= &yt~", where & is the short range correla-
tion length, leads to a Debye frequency varying like wp = w,t, i.e., approaches zero
rapidly upon approaching 7.

In Kawasaki’s theory [23], it is assumed that a complex longitudinal viscosity is
relaxing, whereas in D’Arrigo et al. [24,25] and Mistura [26] and in Ferrell and Bhat-
tacharjee [27] models, the relaxing quantity is the complex heat capacity. In both
models, the sound attenuation and the velocity dispersion are given by the product of
the same complex scaling function /(w*) of the scaling variable w* by a non-universal
amplitude. For the sake of simplicity, we give here the Garland and Sanchez [28,29]
expressions derived from Ferrell and Bhattacharjee [27].

5= JuoA@I )], ©
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where Jy,[/(w*)] is the imaginary part of an integral involving Kawasaki’s dynamical
scaling function of the scaling variable x =¢¢ and the amplitude A(7) is a weakly
diverging function of temperature with the index d=0.11. At constant temperature,
this model leads to a sound absorption coefficient scaling in frequency like w~%%.

Within the same approximations, the sound velocity #Zi(w) at frequency w is given by
2.3

Sy lew + RG] (M

where ¢,(w) is the complex frequency-dependent specific heat which can be expressed
by the real part of /(w*), cg the background specific heat, u. the critical limit value of
the sound velocity at 7, and g a coupling constant. These models account well
for both the anomalous absorption and dispersion of the sound velocity in critical
molecular binary mixtures cyclohexane + nitroethane and 3-methyl pentane + nitro-
ethane observed by Garland and Sanchez [28,29]. In particular, they explain why the
sound velocity anomaly which is expected to be very weak, is so difficult to observe
experimentally.

Weak anomalous behaviours have also been observed for the mass density pg, the
refractive index n and the static dielectric constant ¢ and it has been shown by Sengers
et al. [30] that all these quantities are finite at the critical point.

If the electrical behaviour of percolating mixtures is now well understood, then as far
as we know no firm theory exists to explain the sound propagation in these systems.
However, de Gennes [31] has shown that the exponents characterising the elasticity
properties of the systems are the same as those relative to electrical conductivity. These
arguments have been supported by Ye et al. [10] findings, showing that the additional
elastic modulus scales as a function of the volume fraction, with an exponent close to
2.5, and by Mallamace et al. [20] who observed a strong increase of the static shear
viscosity in the vicinity of the percolation locus. On these basis, one would expect to
observe a strong increase of the sound absorption both near the critical point (let us
remind that in fluid systems made of particles having attractive potential, the percolation
point is located near the critical point [32]. This is indeed the case for the AOT-based
microemulsion systems) and the percolation point for microemulsion systems of higher
volume fractions.

w(w)=u; +

3. Experimental set-up and procedure

The surfactant AOT is purchased from Fluka Chem. Corp. and used without further
purification, n-decane is an Aldrich 99% gold label product. The water is ultra pure
high conductivity (18 M€)) from Millipore. Solutions are prepared by dissolving the
proper amount of surfactant in decane and by adding water. In the case of Rayleigh—
Brillouin experiments, the samples are kept in a cylindrical optical glass vessel of
2 cm of diameter and sealed under vacuum. For ultrasonic experiments, the samples
are contained in a stainless steel container, whereas for time domain reflectometry, the
microemulsions are contained in Hewlett-Packard coaxial air guides whose walls are
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coated by gold. Since it is known that AOT might undergo hydrolysis, the experiments
are conducted rapidly on fresh samples. In all the cases, the sample housing was very
carefully temperature controlled, typically 2 mK for periods of hours. The temperature
of the sample is measured by a calibrated platinum resistor connected to a precision
Whetstone bridge.

In microemulsions, most of the light is scattered in the non-shifted Rayleigh compo-
nent arising from large concentration fluctuations, since it is usually difficult to achieve
an excellent index matching between the droplets and the continuous phase. The in-
tensity ratio between the central Rayleigh line and the two shifted Brillouin lines is
typically in the range between 100 and 1000. So precise measurements of the fre-
quency shift and line width of the Brillouin lines in these systems are a difficult task.
Therefore, initially one has to choose a system in which a reasonable index matching
is achieved between the water droplets and the continuous phase in order to minimise
the influence of the concentration fluctuations. This is roughly the case of the sys-
tem AOT-water-decane at a Water/AOT molar ratio X =40.8. Also, the experimental
set-up has to be optimised by using a multipass Fabry—Pérot interferometer with a well
defined apparatus function. Such limitations occur neither in ultrasonic measurements
nor in dielectric measurements.

The Brillouin spectrometer is depicted in Fig. 1. The light issued from the single
frequency Spectra Physics Ar™ laser is split into two beams. The first one with very
low intensity is used for the alignment of the optical system and the control of the laser
frequency. The second one whose intensity can be varied, is focused on the sample
contained in a thermalised housing. A set of mirrors allows us to change the scattering
angle 0 and in turn the wave vector g. The scattered light is analysed by a multi-pass
plane Fabry—Pérot interferometer having a typical finesse of the order 50. The fringe
pattern is focused on a pinhole and the dispersed light is received by an avalanche
photo diode having very high quantum efficiency and very low dark counts. After a
convenient amplification and discrimination, the signal pulses feed a 1024 channels
multichannel analyser (MCA). By using two rotating discs, we can record both the
instrumental function and the Rayleigh—Brillouin spectrum sequentially on the MCA.
They are, respectively, recorded on the first 200 channels of the analyser and on the
last 824 channels. The duration of a scan of the MCA is 1 s and the typical duration of
an experiment is 1000 s. In order to maximise the thermal and the mechanical stability
of the set-up, the laser and all optical devices remain on a TMC anti-vibrating table
and the room is temperature controlled with a precision of the order 1 x 10! K.
The whole set-up is driven by a PC computer via a National MCS hardware and
software.

One has to keep in mind that in a Brillouin scattering experiment, the result of the
measurement is not the dynamic structure factor S(g,w) but its convolution by the
instrumental function. In our case, the instrumental function is accurately known for
each experiment, and can be accurately fitted to an Airy function. Therefore, we can
then use Zamir et al.’s [33] analytical convolution procedure adapted to the case of a
multi-pass instrument, to obtain both Qg and I's. From these quantities we can derive
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Fig. 1. Schematic view of the Brillouin spectrometer.

the hypersonic velocity and absorption with an accuracy, respectively, equal to £2%
and £10%. Let us emphasise here that the non-shifted line appears to have the same
width as the instrumental function for the critical and off-critical microemulsions. This
is connected to the fact that even for non-critical samples the slow concentration fluctu-
ations are the dominant phenomenon. Concentration fluctuations in these systems have
been measured by different authors [3-8]. Even far from T, the line width is in the
kHz range due to the mesoscopic size of the microemulsion droplets, typically 80 A
and can be measured only by photon correlation spectroscopy. On the other hand, the
entropy line is very weak compared to the concentration line (typically 1%). Although
its width is comparable to that of the instrumental function and so in principle could
be measured, it appears as noise on the concentration line and no information can be
obtained.

Ultrasonic velocity and absorption have been measured on the same samples in the
frequency range from 5 to 200 MHz by using a high precision MATEC ultrasonic
spectrometer. In this case, the measurements directly give the sound velocity which is
known for an accuracy better than 0.1%, whereas the accuracy for sound absorption
is typically 10%. In order to deduce the so-called classical sound absorption, we have
measured the static shear viscosity, and our data [12,13] are in agreement with those
of Mallamace et al. [11,20] and Berg et al. [21].
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The electrical conductivity and permittivity of the different samples have also been
measured at low frequency from few Hz up to 13 MHz by using a Hewlett-Packard
(HP) 4192 Low Frequency Impedance Analyser. Electrical data obtained at a higher
frequency have been obtained both using a HP 4191A Radio Frequency Impedance
Analyser for frequencies ranging from 1 MHz to 1 GHz and a time domain reflec-
tometer up to 10 GHz. This last method is described in details by Cole et al. [15].
Repetitive fast rising voltage pulses (typical rising time 10 ps) generated by a pulse
generator are sent through a sampling head (HP 54121A) on the sample contained in
a H. P. coaxial air guide via a 50 Q) coaxial line. The signal reflected at the interface
between the sample and the coaxial line, is analysed by the sampling head and stored in
a fast sampling oscilloscope (HP 54120B) connected to a computer. A deconvolution
procedure [15] has to be used then in order to deduce the frequency (or time) depen-
dent dielectric properties of the microemulsion. In this type of experiments performed
close to the critical temperatures, one has to take into account of heterogeneities which
might appear in the mixture, leading to Maxwell-Wagner effect [36].

4. Experimental results and discussion
4.1. Critical microemulsion

A typical Rayleigh—Brillouin spectrum obtained for the microemulsion at the critical
10% composition, is depicted in Fig. 2. The sharp line on the left of the plot is the

instrumental function centred on channel 100 of the MCA. The two Brillouin lines
centred around channels 300 and 500 and the Rayleigh line centred around channel

2000 T T T T T T T T T T T

1500 E

1000 e

500 - -

Scattered intensity (arbitrary units)

0 L L 1 " L 1
0 200 400 600 800 1000

Fig. 2. Rayleigh—Brillouin spectrum of a critical AOT-water-decane microemulsion. Note that the amplitude
of the Brillouin lines has been multiplied by 100.
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Fig. 3. Rayleigh-Brillouin spectrum of the decane continuous phase.

750, can be seen in the same figure. It has to be stressed that in order to be seen, the
amplitude of the Brillouin lines was multiplied by 100. In this experiment, the central
line has very nearly the same width as the instrumental function. The explanation of
this effect is given above. Fig. 3 corresponds to the Rayleigh—Brillouin spectrum of
the decane continuous phase. In this case, the experiment is easy since the amplitude
of Brillouin lines is similar to that of the Rayleigh line.

Different quantities are accurately known for the AOT-water-decane microemulsion.
In a previous study, we have reported on the relaxation rate of the concentration
fluctuations inferred from light beating spectroscopy experiments [3—8]. We have shown
that not only from very close critical point, but also in a rather large volume fraction
domain, the system can be rather well described by mode-coupling theory including
background when using a short range correlation length &, =(13.3 +1.5) A and static
values of the shear viscosity #s, as reported by Berg et al. [21]. The refractive index
and its very weak anomaly (the anamalous change in the index is about 6 x 103 for a
temperature change of 14°C) have also been very accurately measured by Pépin et al.
[34,35]. On the other hand, we have very little information on the exact behaviour
of the other transport or thermodynamic coefficients. Therefore, we will assume the
dynamic structure factor S(q, ) next, which is constituted of two unshifted Lorentzian
lines (Rayleigh line) and two shifted Brillouin lines, where each line has been made of
a Lorentzian and an anti-Lorentzian, as given by Berne and Pecora [16] for non-relaxing
binary mixtures. A typical fit of the Brillouin doublet obtained by combining Berne
and Pecora expression for S(q,®) [16] and Zamir et al. [33] convolution procedure,
is shown in Fig. 4. From the fit we can deduce the frequency shift Qg and the line
width I's. Using the formulas given in Section 2, we can extract both the hyper sound
velocity and the sound absorption coefficient «/f? and compare these values to those
inferred from low and high frequencies ultrasonic measurements.
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Fig. 4. Brillouin doublet of a critical AOT-water-decane microemulsion. The symbols are experimental data,
whereas the full line is the best fit combining the dynamic structure factor S(g,®) given by Berne and
Pecora [16] and Zamir et al. [33] deconvolution procedure.
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Fig. 5. Temperature variation of the sound velocity for a critical microemulsion. The triangles are hypersonic
5 GHz data, the squares are ultrasonic data at 25 MHz, the circles are 910 Hz, very low frequency ultrasonic
data of Harada et al. [14].

The temperature variations of the sound velocity for the critical 10% microemulsion
are reported in Fig. 5, the critical point for this particular system being located close to
33°C. The triangles and the squares are, respectively, related to Brillouin measurements
and ultrasonic data at 25 MHz. On the same graph, we have also reported Harada
and Tabuchi [14] data obtained at 910 Hz, but on a very slightly different system at
X =40. The values of the Brillouin frequency that we obtain at 20°C are typically
5.35 GHz and the hyper sound velocity we deduced is 1275 ms~'. On the other hand,
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ultrasonic data taken at 25 MHz lead to a velocity of 1245 ms~!. Brillouin scattering
and ultrasonic experiments have been performed on the same system by Ye et al. [9,10].
No quantitative comparison can be performed between results given in Refs. [9,10] and
our data, since the operating temperature is not given in Refs. [9,10]. However, since
the sound velocity taken at frequencies larger than few MHz is not too sensitive to
temperature, our results are more than qualitative in agreement. Indeed values given by
Ye et al. are close to 1240 ms~! (see Fig. 3 in Ref. [6]). In all cases we observed a
decrease in the sound velocity on approaching the critical temperature, but this decrease
is much less pronounced for experiments conducted at ultrahigh (5.3 GHz) or high
(from 5 to 55 MHz) frequencies than for those performed at a low frequency (910 Hz).
We also observed that the lower the frequency, the lower is the sound velocity, but
no significant differences were obtained for our ultrasonic experiments at frequencies
between 5 and 55 MHz. This result is also in agreement with Ye et al. reports [9,10].

For the AOT-water-decane critical microemulsion, we can calculate the prefactor
wo of the Debye relaxation frequency. Using Tc =313 K, the static shear viscosity
n=15cP, and & =133 A, we get wy ~ 2.5 x 10° s~! leading to a Debye relaxation
frequency ranging from 500 kHz away from the critical point to 100 kHz at t=1073,
i.e. located in between Harada’s and our ultrasonic measurements. These data are also
consistent with Ye et al. findings, who report a relaxation frequency lower than 1 MHz
[9,10]. From these values we can conclude that our Brillouin and ultrasonic data taken
in the high frequency regime, should not show any sound dispersion. On the other
hand, Harada and Tabuchi [14] measurements which have been performed in the low
frequency limit should present sound dispersion. Indeed a strong sound dispersion is
observed in Harada and Tabuchi data [14] in agreement with Ferell and Bhattacharjee
[27] theoretical predictions. Assuming that Harada and Tabuchi [14] sound velocity
measurements have been taken in the low frequency limit and that our Brillouin scat-
tering data correspond to the high frequency limit, we have plotted the sound velocity
dispersion as a function of the reduced temperature in Fig. 6. The sound dispersion
ranges from few % away from the critical point to 10% close to 7,. We can see from
Fig. 6 in double log plot, that the dispersion can be very well fitted to a power law,
the exponent we extracted from the fit being (—0.37 + 0.05). The absolute value of
this exponent is nearly equal to the one characterising the shape of coexistence curve,
usually noted as f in the literature, f=0.33 for a 3-D Ising system.

The sound absorption coefficient «/f? related to the critical microemulsion obtained
from Brillouin experiments (squares) and from ultrasonic experiments (circles) has
been plotted vs. temperature in Fig. 7. As far as we know, this coefficient is reported
here for the first time at hypersonic frequencies. Away from T¢, the very high frequency
sound absorption o/f? remains almost constant and close to 50 x 10~ cm™' s2. On
approaching Tc, we observe a strong decrease in «/f?, the value of which is about 20 x
1077 em~! s? in the immediate vicinity of the critical point. This result is in apparent
contradiction with the theoretical results (Eqgs. (4) and (6)) predicting a divergence of
this coefficient at the critical point. Our experimental result can be explained in the
following way: It is well known that in complex fluids the bulk and shear viscosities
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Fig. 7. The sound absorption coefficient of the critical microemulsion as a function of temperature. The
circles are 25 MHz data, the squares are 5 GHz (Brillouin) data, the triangles are classical values calculated
by taking into account only the static value of the shear viscosity.

show very strong frequency relaxations and are very weakly diverging near a critical
point. Also not much is known about the amplitude of the barodiffusion coefficient and
the values of the various thermodynamic coeflicients appearing in the expression of the
Brillouin line width. Our experimental results suggest that the main term governing the
hyper sound absorption is the viscous term. The involved strongly diverging terms also
have a small amplitude and should make a significant contribution to the absorption
only in the immediate vicinity (few mK) from the critical point.
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Fig. 8. Log—log plot of the sound absorption vs. frequency 10°C below T¢. The circles are experimental
data, the full line is the best fit of the experimental data to a relaxation process given by Eq. (8), in the
text.

To clarify this point, we have measured «/f2 by ultrasound in a large domain
of temperatures and frequencies. o/f> shows no singularity close to Tc and remains
approximately a constant, and about 250 x 10~!7 cm~! s?. Although it is difficult to
compare this result with the findings of Zana et al. [12], we obtain very similar values
for the absorption coefficient; however, the temperature dependence is quite different.
In particular, we do not observe any significant increase of the sound absorption near
the demixtion line. This might be due to some differences in volume fraction and molar
ratio, respectively, equal to about 12% and 35 in Zana et al. experiments [12]. The ex-
perimental results however show that in the hydrodynamic regime the ultrasonic sound
absorption coefficient is 6 times bigger than the hypersonic one, whereas in the critical
regime, this ratio is about 12. We can compare these determinations of «/f? with the
so-called classical absorption (/2 )cpss. In this case, only the static value of the shear
viscosity is taken into consideration. As shown by Berg and Moldover [21], this quan-
tity diverges at the critical point with an exponent nearly equal to 0.04. Therefore, in
our domain of interest one should expect a significant increase of (o f 2)elass. This is
again shown in Fig. 7. What is interesting to notice is that the hypersonic determination
of a/f 2 close to T¢ is smaller than the classical value, whereas the ultrasonic deter-
mination of o/f? in the same temperature range is much bigger. This result indicates
a strong relaxation of the transport coefficients.

To gain precise information on the relaxation frequencies, we have measured the
frequency dependence of «/f? in a large frequency range, from 5 MHz up to 5 GHz as a
function of temperature. At a low temperature (Fig. 8), 10 K below 7, we observe two
well defined relaxation domains, one at low frequency, the other at high frequency. The
frequency dependence of o/ f? can be well accounted for by two Debye-like relaxation
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Fig. 9. Log—log plot of the sound absorption vs. frequency near 7¢. The circles are experimental data, the
full line is the best fit of the experimental data to a relaxation process given by Eq. (8), in the text.

processes:

2= <°°) R (8)

2\ LHUIND?R T+
where the subscript oo indicates the infinite frequency value of the coefficient, in our
case (0/f%)oo =44 x 1077 cm~! s?2, 4; and f; are, respectively, the amplitude and the
relaxation frequency for the i-relaxation process. From the fit of our experimental result
to Eq. (8) we obtain 4; =480 x 1077 cm~! s? and f, = 6 MHz for the low frequency
relaxation domain and 4, =190 x 107 cm™' s? and f, =800 MHz for the high fre-
quency relaxation domain, while the error on these parameters here is also of the order
+10%. In Fig. 9, we have plotted the frequency variations of a/f20.3 K below T..
These data can be accurately be fitted to the same Eq. (8) and the values of the parame-
ters we infer from the fit are: (0t/f%)oo =20x 1077 cm~' s?, 4, =430x 10~"7 cm™' s2
and f, =9 MHz on one hand, and 4, =190 x 10~'7 cm~' s~! and f, =260 MHz on
the other. The estimated uncertainties on these parameters are the same as above. On
the other hand, a fit of the sound absorption coefficient to a power law in frequency
as predicted by Kawasaki’s theory, leads to a very large standard deviation. These
results show that the low frequency relaxation domain is almost unaffected by the
vicinity of the critical or percolation point. So, in disagreement with Zana et al. [12],
we do not believe that the low frequency absorption is linked to percolation. Indeed,
if we assume that close to the percolation threshold the systems are viewed as being
made of transient fractal clusters, then the time of life 1 of the cluster is close to
the time it takes for a droplet to diffuse on a length scale corresponding to its radius
Ryt = 67T715R13{/k3 T. With the numerical values pertinent for the AOT microemulsion,
the corresponding relaxation frequency would be close to 7 x 10* Hz, i.e., two orders of
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Fig. 10. Plot of the real and imaginary parts of the dielectric constant as a function of frequency 23°C below
the critical temperature. One can see that at low frequency the value 2.7 of the real part Eps’ is only slightly
larger than the square of the refractive index n of the mixture (n> =2); on the other hand, the maximum
value of the imaginary part Eps’ is small, of the order of 0.3 at 1 GHz.

magnitude lower than the experimental result. We therefore believe that this relaxation
phenomenon is probably connected to an intrinsic property of the microemulsion sys-
tems. Not only can a translational motion of the droplet be coupled to the sound wave
but also shape fluctuations. Two processes can be considered. If the bending energy
governs the fluctuations of the AOT film, the characteristic relaxation time tp is given
by (see for instance the review articles by Auvray and Safran [36]): w5 ~ nsR3/Kg,
where Kg the rigidity coefficient of the film is of the order of 5kg7 [36]. With these
numerical values, tg is of the order 24 ns and the corresponding frequency near 7 MHz,
which is very similar to the experimental result. If the surface tension g of the film
governs the fluctuations, the relaxation time 74 is approximately given by: 75 =~ nsRy/g.
The surface tension g =0.07 dyn/cm of the AOT film has been measured by Farago
et al. [37]. Although water and decane have been substituted, respectively, by heavy
water and deuterated decane, we believe that this value of g can be used to evaluate
Ts =~ 100 ns in the case of our system. The relaxation frequency we infer from this
result is of the order of 1.5 MHz, i.e., of the same order of magnitude as the experi-
mental result. So both fluctuations can contribute to the 6 MHz relaxation domain. On
the other hand, the characteristic frequency of the high frequency relaxation domain
is strongly lowered on approaching the critical point and denotes the critical slowing
down or of percolation.

In order to complete these results, we have accurately measured the frequency-
dependent dielectric properties of the critical sample in a large frequency domain.
Typical result for the frequency dependent real part (Eps’) and imaginary part (Eps’)
of the dielectric constant is plotted in Fig. 10 in a very broad frequency range. At a
high volume fraction the relaxation of the droplet dipole moment is rather complex
as shown by Feldman and coworkers [38—40]. Few studies have been reported at
low volume fraction corresponding to the critical sample. In Fig. 11, we have plotted
the real part (Eps’) of the dielectric permittivity as a function of frequency for the
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Fig. 11. Plot of the real part of the dielectric constant as a function of frequency at 10°C. The circles are
experimental data, whereas the full line is the best fit to a single Debye relaxation process.
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Fig. 12. Plot of the real part of the dielectric constant as a function of frequency very close to 7¢. The
circles are experimental data, whereas the full line is the best fit to a single Debye relaxation process.

critical microemulsion 23°C below T,. These data can be accurately fitted to a single
Debye relaxation process. From the fit, we can infer the relaxation frequency to be
(800 + 50) MHz. Very close to 7. (Fig. 12) we obtain a different result, i.e., the
fit is not as good as the above and the relaxation process which occurs at much
lower frequency (200 MHz) is of the Cole-Davidson type. This relaxation involves
a distribution of relaxation time, or equivalently, the time-dependent dipole moment
correlation function is a stretched exponential, a typical indication of the slow dynamic.
Fitting our data to a Cole—Davidson relaxation process leads to a stretched exponent
f close to 0.80 + 0.05. This result is consistent with Feldman et al. [38—40] findings
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Fig. 13. Log-log plot of the dielectric Debye relaxation frequency as a function of the reduced temperature.
The dots are experimental results, the full line is the best fit to a power law.

and corresponds to the clustering of the microemulsion droplets forming a transient
fractal network [3—7,35]. A similar behaviour has been observed by Rouch et al. [41]
for the concentration fluctuations correlation function which evolves continuously from
a single exponential far from 7; to a stretched exponential close to Tt.

Since the departure from a single Debye relaxation process is rather weak, we can
assume that it is at least not very close from the critical point, the relaxation of the
dipole moment correlation function is of Debye type, so it is characterised by a single
relaxation frequency fp. We have plotted in Fig. 13 the temperature variation of fp
along the critical isochore. It can be seen that fp ranges typically from 800 MHz
at low temperature to 200 MHz close to 7. For complex liquids this characteristic
frequency fp is known to be close to the viscosities relaxation frequency. This is also
the case for the critical microemulsion, and as expected the values of fp, are close
to those characterising the fast relaxation process revealed by the sound absorption
measurements. The double log plot of Fig. 13 shows that f, obeys a power law as a
function of the reduced temperature, the exponent being (+0.39 4= 0.05). The absolute
value of this exponent is very similar to the one we derived for the divergence of the
sound dispersion and is also very close to the exponent 5. As far as we know, no
theoretical model is able to explain our experimental result.

The analysis of the relaxation of the dipole moment of the droplet in terms of a
single Debye relaxation also provides the low (static) and high (infinite) frequency
dielectric permittivities. These two quantities are plotted as a function of the reduced
temperature in Fig. 14. The static permittivity increases significantly on approaching
Tc and its temperature behaviour can be well accounted for by a power law with an
exponent (—0.37 4 0.05). The divergence of the static permittivity at 7¢c seems to be
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in contradiction with Sengers et al.’s [30] theoretical predictions based on two scale
universality. In this case, one would expect a finite value of the permittivity at the
critical point. In fact, this unexpected behaviour can be understood if we realise that
on the critical isochore the critical temperature is nearly the percolation point, where
this quantity should diverge. It is interesting to note that the exponents characterising
the divergences of the Debye relaxation frequency and of the static permittivity have
almost the same absolute value, but of opposite signs. In Fig. 14 the temperature
variations of the infinite frequency permittivity are also plotted. It seems to increase
very slowly on approaching T¢ and its variation can be fitted to a power law. In this
case, however the exponent is very small (—0.06+0.03), a value similar to the exponent
characterising the divergence of the shear viscosity. Theoretical models are able to
describe the behaviour of the low and infinite frequencies dielectric permittivities as a
function of the distance from the critical point in volume fraction @. On approaching
the percolation threshold and for both quantities, the theories predict a divergence
described by the same exponent s of the order of s= — 1.2 [3-7]. In the case of an
approach in temperature, our experimental results show that the exponents are very
different from those inferred from an approach in @, but are, respectively, similar
to those describing the divergence of the sound velocity dispersion and of the shear
viscosity. As far as we know, and in this case too, no theoretical model is able to
explain these new experimental results.

4.2. Dense microemulsion

The electrical conductivities of dense microemulsions have been measured in de-
tail by many authors [3-7], so they will not be discussed here. However, in order
to locate the percolation threshold we have measured both the inflexion point of the
low frequency electrical conductivity and the maximum of the low frequency electri-
cal permittivity as a function of temperature. We obtained, respectively, 20°C for the
@ =50% sample and 10°C for the & =75% sample.
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Fig. 15. Sound velocity as a function of temperature for a 50% AOT-water-decane. The circles are data
obtained from Brillouin scattering, whereas the squares are ultrasonic data at 25 MHz data.
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Fig. 16. Sound velocity as a function of temperature for a 75% AOT-water-decane. The circles are data
obtained from Brillouin scattering, whereas the squares are ultrasonic data at 25 MHz data. Note that at this
composition the microemulsion is probably in the L3 (spongeous) phase.

Measurements of the Brillouin doublet is rather difficult at these concentrations since
the amplitude of the Brillouin lines is very weak. Figs. 15 and 16 show the typical
temperature variations of the hypersonic and ultrasonic sound velocity for microemul-
sions, respectively, at @ =50% and ® =75% volume fraction. The triangles are the
Brillouin data and the squares represent the ultrasonic 20 MHz results. In the case of
the @ =50% microemulsion, we observe that the hypersonic sound velocity decreases
upon increasing temperature from typically 1350 to 1250 ms~!, whereas the ultrasonic
velocity decreases from 1290 ms~! at 10°C to 1250 ms~! at 32°C. So the sound dis-
persion decreases from about 40 ms~! at 10°C to 20 ms~! at 32°C. These results are
in overall agreement with Ye et al. [10] findings, although the size of the microemulsion
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Fig. 17. The absorption coefficient as a function of temperature for a 50% AOT-water-decane. The circles
are 25 MHz data, the squares are 5 GHz (Brillouin) data and the triangles are classical absorption values.

droplet at the same volume fraction is different in Ye et al. report (see Fig. 5 of
Ref. [10]). In the case of the more dense microemulsion, the hypersonic velocity
ranges from 1420 to 1370 ms~! when the temperature increase from 2°C to 18°C
and the sound dispersion varies from typically 50 to 20 ms~! in the same temperature
range. When crossing the percolation threshold for the two samples, we do not ob-
serve any strong anomaly on the speed of the sound. However, a small but significant
change on the slope of the velocity vs. temperature curve for the 75% microemulsion
is observed at the percolation threshold. Although no direct comparison can be made,
these results are in overall agreement with Ye et al. findings [10]; these authors report
a sound velocity increasing with the volume fraction and a dispersion typically of the
order 50 ms~! (see Fig. 5 of Ref. [10]).

For the same systems, the absorption coefficient o/f? is plotted as a function of
temperature in Figs. 17 and 18. For the 50% sample (Fig. 17), the hypersonic absorption
measured for the first time, shows a broad maximum close to 50x 10~17 cm~! s? around
the electrical conductivity percolation threshold located at 20°C. On the other hand,
this maximum is not observed in the ultrasonic determination of o/ f? taken at 25 MHz.
In this case, o/f? remains almost constant and close to (220 +20) 10~ cm~'s?, a
value about 5 times larger than the hypersonic determination. We observed the same
situation for the 75% microemulsion (Fig. 18) in this case, whereas the ultrasonic
absorption is almost constant in the whole temperature domain we studied and close
to 270 x 10'7 cm™! s?; the hypersonic absorption is more peaked at the percolation
threshold and is equal to 80 x 1077 cm~! s. These values can be compared to the
classical absorption coefficient, only due to the shear viscosity. From the data of the
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Fig. 18. The absorption coefficient as a function of temperature for a 75% AOT-water-decane microemulsion.
The labels are the same as for Fig. 17. Note however that the ordinate is in a log scale.
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Fig. 19. The absorption coefficient as a function of frequency for a 50% AOT-water-decane microemulsion
at 1=23.5°C. The circles are experimental results, whereas the full line is the best fit to the data of a
relaxation process having two different characteristic times according to Eq. (8), in the text.

shear viscosity reported by Mallamace et al. [11,20] and Cametti et al. [13] one infers
classical values of the absorption coefficient, close to 270 x 10~!7 cm ™! s? for the 50%
sample, i.e., slightly larger than the ultrasonic value, and 1200 x 10~'7 cm~! s? for the
75% microemulsion, i.e., much larger than the ones given above for the same system.
These effects are connected to a strong relaxation of not only the bulk viscosity but also
of the shear viscosity and are typical of the viscoelastic behaviour previously observed
by ultrasonic techniques on dense micromulsions [10—13].

In order to deduce the relaxation frequencies, we have measured the frequency
dependence of «/f? for the two samples at different temperatures (Figs. 19-21). For
both systems, the absorption shows two well defined relaxation domains, respectively,
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Fig. 20. Same caption as Fig. 19, but 1 =36.5°C.
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Fig. 21. Same caption as Fig. 19, but @ =75%.

located at low and high frequencies. From the fit of the experimental data to Eq. (8)
we can derive the amplitudes and the characteristic frequencies of the two relaxation
processes. For the two microemulsions, the most important relaxation process (90% of
the total amplitude of the relaxation) is located at a low frequency. The corresponding
relaxation frequency, of the order of 5 + 2 MHz, is almost independent of tempera-
ture and volume fraction. It has to be stressed that this value is nearly equal to the
one describing the low volume fraction critical sample. This reinforces our hypoth-
esis of linking this low frequency value to the intrinsic property of the AOT based
microemulsion system. On the other hand, the high frequency relaxation domain is both
temperature and volume fraction dependent. In particular, its characteristic frequency
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decreases upon an increasing @. As an example, at 23.5°C the frequencies are, respec-
tively, equal to 600 MHz at 50% and 250 MHz at 75%. It has to be noted, however,
that for the 75% microemulsion, 23.5°C probably corresponds to a randomly oriented
lamellar phase.

It has been shown by Ye et al. [10] and by Cametti et al. [13] that the frequency
dependence of ultrasonic data taken at high volume fraction can be explained in terms
of the theory of the viscoelasticity [42]. The relaxation of the two viscosities (shear
and bulk) is described by a Cole-Davidson relaxation processes. The relaxation times
deduced by Cametti et al. [12,13] were, respectively, 23.2 ns at ® =50% and 122 ns at
® =75%. These values correspond to relaxation frequencies in the MHz domain and
are in agreement with the relaxation frequencies we deduced for the low frequency
relaxation domain. To be consistent with our experimental results taken in a very
broad frequency range and showing two well defined relaxation domains having very
different relaxation times, we are tempted to express phenomenologically the shear and
the bulk viscosity in the following way:

Gl ! G2 72
ns(a)9¢aT): oo =L )
1+ (wtl)* 1+ (w12)?
Kt} K21
’73(60’ ¢>T): B B (9)

1+ (wth)? 1+ (w3)?’

where G, denotes the infinite frequency shear modulus, K; the relaxational part of
the compressional modulus, K, =K., — Ky, where K., and K, are, respectively, the
infinite frequency and static compressional modulus. The relaxation times 75 and 1p
are, respectively, connected to the relaxing shear and bulk viscosities; the labels 1
and 2 denote, respectively, the low and high frequency relaxation processes. At zero
frequency, one obtains, respectively, ns=Gl 1! + G2 12 and np =K/t + K?13. As
a first approximation, we can assume that the relaxation times of the shear and bulk
viscosities are similar which is a typical result for viscous liquids like glycerol, and
that the numerical values obtained for G, and K; by Cametti et al. [13] are those
relevant for the slow relaxation process. In the case of the @ =50% sample, one would
obtain very small (even negative) values for the parts of the infinite frequency shear
modulus and compressional modulus, characterising the fast process. In the case of the
75% sample, assuming G})O =0.8 x 10" Nm~2, Krl =3 x 108N m~2 and ns=0.11Ps
[12,13], we infer G2, =12 x 108 Nm™2, and K>=2.3 x 10° Nm™2. So the moduli
characterising the fast process seem to be about 10 times larger than those describing
the slow one and are of the same order of magnitude of those extrapolated from Fig. 6
of Ye et al.’s paper [10].

For the same 75% microemulsion, the plot in Fig. 22 which shows the tempera-
ture variations of the sound absorption measured at 5 GHz (squares) and of the static
dielectric constant (circles) is very interesting. Both quantities show a strong increase
on approaching the percolation threshold, and when the units are conveniently chosen
they behave in a very similar way. On the other hand, the sound absorption deduced
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Fig. 22. Plot of the sound absorption coefficient (left scale) measured by Rayleigh—Brillouin spectroscopy
and of the dielectric constant (right scale) as a function of temperature for a @ =75% AOT-water-decane
microemulsion. The maximum value of the coefficients around ¢ =10°C corresponds to the electrical con-
ductivity percolation threshold.

from ultrasonic measurements is nearly constant in the entire temperature range. No
firm explanation can be given presently for these results.

5. Conclusion

In this paper, we have reported a very extensive set of new experimental data on
AOT based water-in-oil microemulsion systems both in temperature and volume frac-
tion. We have shown that combining different experimental techniques, namely very low
frequency and high frequency ultrasonic measurements, very high frequency Brillouin
scattering experiments and low and high frequency dielectric measurements, provide
very interesting new results on the relaxation phenomena in these systems. In particu-
lar, we observed two relaxation regimes in a critical AOT-water-decane microemulsion
system at a molar ratio of 40.8. The characteristic frequency of the low frequency
relaxation process is located in the MHz domain, whereas the fast relaxation occurs
at much higher frequencies, between 1 and 0.1 GHz. The characteristic frequency of
the slow process, typically 5 MHz, is almost independent of temperature. So it is not
connected to the critical slowing down or to percolation and it is probably an intrinsic
characteristic of the AOT microemulsion. The fast process has a correlation time nearly
equal to the dielectric relaxation time in the large temperature domain we studied and
shows the typical critical slowing down effect. This fast relaxation process observed
for the first time by Brillouin scattering, might be linked to structural arrangements of
a transient quasi-solid fractal network arising from long range attractive interactions
among droplets, as speculated by Ye et al. [9,10]. To account for the critical sound
velocity dispersion in the vicinity of the critical temperature, another relaxation process
should exist at very low frequency, typically in the kHz range, corresponding to the
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Debye—Kawasaki relaxation frequency, and connected to the time of life of the tran-
sient fractal cluster. As far as we know, this process has not yet been observed by
ultrasound technique. We also show for the first time that the sound dispersion, the
Debye high frequency dielectric relaxation time and the static dielectric constant are
singular at the critical point (or equivalently, the percolation point) with nearly the
same absolute values of the critical exponent, close to that of the index §=0.33 char-
acterising the shape of the coexistence curve in the vicinity of 7¢. The divergences
of the dielectric constant and of the Debye relaxation time at the critical point can
be explained by the fact that in the AOT based microemulsion, the critical consolute
point is nearly identical to the percolation point like systems with attractive potential.
However, the values of the exponents we derived from the fits of sound dispersion,
relaxation frequency, dielectric constants, etc., to the reduced temperature cannot be
presently explained theoretically.

Dense microemulsions also show new interesting relaxation effects. For instance, for
the dense @ = 75% microemulsion, we measured for the first time as far as we know, a
very high frequency sound absorption coefficient which is about 30 times smaller than
the classical absorption coefficient. From these very careful Brillouin scattering mea-
surements and combining them with our ultrasonic data, we have also observed here a
new fast relaxation process which accounts for typically 10% of the total absorption.
Assuming the relaxation times for the shear and bulk viscosities to be the same, we
have been able to approximately calculated the infinite frequency shear modulus and
the relaxing bulk modulus connected to this fast process. Furthermore, we have also
shown that for the microemulsion at @ =75%, the static electrical permittivity and the
hypersonic frequency sound absorption coefficient behave in a completely similar way
when crossing the percolation threshold in temperature, where they show a well defined
maximum. This maximum is much more peaked than the one, very broad, observed by
Mallamace et al. [20] for the shear viscosity of the microemulsion at the same volume
fraction. At high volume fraction, the microemulsion could be viewed as being formed
by a transient solid-like network characterised by a quite well defined elastic moduli
and arising from the attractive interactions among droplets, in agreement with the idea
proposed by Ye et al. [9,10], Zana et al. [12] and Cazabat et al. [32]. However, this
solid-like network is very fragile since the values we obtain for the moduli are about
100 smaller than the ones obtained for glass forming liquids (typically of the order
of 10°-10'© Nm~2). Now by comparing the data obtained at low volume fraction and
high volume fraction, it can be seen that the frequency of the slow relaxation process,
typically 5 MHz, remains unchanged when varying temperature and volume fraction,
i.e., when approaching the percolation threshold both in temperature and concentration.
We therefore believe that this slow process is likely to connect to an intrinsic prop-
erty of the system as for the critical sample, and is not on indicator of percolation.
From a numerical estimate of the relaxation frequencies of different plausible processes,
membrane fluctuations governed either by the binding energy or by the surface tension
could be responsible for this 5 MHz relaxation domain. However, the correlation times
of these two processes scale in a different way as compared to the hydrodynamic radius
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of the water droplet, respectively, like R}, and Ry. As shown by Farago et al. [37],
SANS and neutron spin echo measurements are more likely in favour of the influence
of the binding energy since the relaxation time deduced from their experiments scales
like R}|. As a final comment, in order to obtain more theoretical details on the dynamics
of dense microemulsion systems and to explain for instance the scaling behaviours, we
observed that for some physical parameter characterising the critical system, it would
be interesting to extend Sorensen et al. droplet model [43] which has been shown to
be valid for dilute critical systems.
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