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Abstract

SOUND PROPAGATION IN COMPLEX FLUIDS
by
LING YE

Advisers: Drs. David A. Weitz and Azi 2. Genack

In this thesis the sound propagation in complex fluids is studied. The
complex fluid systems we study include AOT micelles, AOT microemulsions, a
quaternary microemulsion and PMMA hard sphere colloids. We show that the
sound propagation is modified by the properties of the dispersed phase in the
system, the rigidity and the size of the droplets, and the interaction between the
droplets. Therefore, measurements of the sound velocity as a function of the
droplet concentration and the frequency allow us to study the contribution of the
structural correlations to the elastic behavior of the system.

In the micelle and microemulsion systems, the size of the spherical droplets
are small compared with the wavelength of the sound. In the AOT micelles
and microemulsions, an attractive interaction between the droplets leads to the
formation of short-lived connecting network. Due to the rigidity of the dispersed
phase, the network can support shear, which contributes to the longitudinal elastic
modulus of the system. Therefore, measurements results of the sound velocity as a
function of the droplet volume fraction in the MHz-GHz frequency regime indicate

a pronounced viscoelastic behavior. We find that the additional increase of the
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elastic modulus at high frequency due to the rigidity of the networks exhibits a
power-law scaling, which suggests a dynamic rigidity percolation in the system.
The variation of the strength of the attractive interaction, achieved by changing
the oil solvent or by varying the droplet size in the microemulsions, leads to a
change in the viscoelastic behavior, since the characteristic time of the interaction
between droplets is changed. By contrast, in the quaternary microemulsion, the
repulsive interaction between droplets is dominant. We find that increasing the
repulsive interaction by adding ionic charges to the system has no effect on the
observed elastic behavior. The measurements of the sound velocity as a function
of droplet volume fraction in the MHz-GHz frequency regime indicate that the
elastic behavior in this microemulsion system may be strongly affected by the
interaction between alcohol and water molecules, since it exhibits a behavior that
is reminiscent of a binary mixture of water and alcohol.

In the PMMA hard sphere colloids, the wavelength of the sound is com-
parable to the size of the solid spheres. We find two novel propagating acoustic
excitations. One has a velocity intermediate between that of the fluid and the solid
phases, and is interpreted as an acoustic wave propaéating through the composite
medium of fluid and solid spheres. The second has a velocity slower than both
that of the solid and the fluid phases and is interpreted as a propagating interfacial

wave,
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Chapter 1

INTRODUCTION

Light scattering from thermally excited sound waves, or Brillouin scattering, is
a powerful method for investigating sound wave propagation in liquids and solids,
and for measuring the elastic properties of liquids and solids.!=2 Research on pure
liquids has demonstrated that these measurements can yield valuable information,
including the elastic modulus and transport coefficients of the materials.#® For
molecular fluids, Brillouin scattering, which probes hybersonic wave propagation,
can be combined with ultrasonic techniques to measure the frequency dispersion of
the sound wave propagation and to study the relaxational processes in the fluids.®
Moreover, if the frequency is high enough, some liquids may respond elastically
to the perturbation, allowing one to study their \(iscoelastic behavior. A fluid is
viscoelastic, if, above a certain frequency, it has insufficient time to flow in response
to the applied strain rate, and thus reacts elastically in the same way as a solid
does.

" While simple fluids, molecular fluids and viscoelastic fluids have all been stud-
ied eS:tensively using Brillouin scattering, considerably less attention has been de-
voted to complex fluids, which possess structure on length scales larger than the
molecules that rﬁa.ke up the fluid. This thesis is primarily concerned with the
study of sound wave propagation in complex fluids, including in micelle” and mi-
croemulsion systems® and in suspensions of PMMA colloids® which behave as hard
spheres. All of these systems consist of spherical particles dispersed in a contin-
uous medium. The acoustic measurements discussed here probe the contribution
of the dynamic structure to the elastic properties of a system, and investigate the
nature of sound wave propagation in an inhomogeneous material. We are inter-

ested in how the sound propagation is affected by the existence of the dispersed



medium in complex fluids.

In 1922, Brillouin predicted!® that the scattered light from a homogeneous
fluid contains a doublet with a frequency shift due to the thermally induced sound
waves in the system. The density fluctuations in the liquid scatter the light. They
are induced by both entropy and pressure fluctuations. The entropy fluctuations
lead to a nonpropagating mode, centered about the zero frequency shift in the
spectrum. The pressure fluctuations lead to two propagating modes which are
shifted in frequency and reflect the longitudinal sound waves in the fluid.

The Brillouin scattering technique has since been widely used to study hy-
personic waves in simple liquids.® A typical Brillouin spectrum measured in our
experiments for a simple liquid is shown in Fig. 1.1. It is composed of three
Lorentzian peaks: the central or Rayleigh peak and the Brillouin doublet. The
Rayleigh peak results from the nonpropagating entropy fluctuations, and reflects
a mode due to the diffusion of heat. Thus the width of the central peak is deter-
mined by the thermal diffusivity. The Brillouin peaks have a frequency shift, w,
which is the frequency difference between the incident photon and the scattered
photon, and is equal to the frequency of the thermally excited sound wave in the
system, |w| = qv, where ¢ is the scattering wave vector, and v is the velocity of
sound in the liquid. The width of the peak is determined by the attenuation of the
sound wave, which depends on the longitudinal viscosity n; = n, + g-n, with n, and
1, being the bulk and the shear viscosities, respectively. Therefore, measurements
of the Brillouin peak can, in principle, determine both the sound velocity and the
viscosity. Furthermore, the sound velocity is related to the elastic properties of
the fluid by v = \/-g , Where 8 is the longitudinal elastic modulus, and p is the den-
sity. This allows the measurement of elastic properties of the material by those
techniques.

For a simple liquid, the dielectric constant, &, in thermal equilibrium is in
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1.1 Brillouin spectrum of simple liquid methanol in 90°, with green light at 514.54. -
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general a function of the density po and temperature To: € = €(po,T0). The
local fluctuations of density and temperature lead to fluctuations in the dielectric

constant given by

Se(r,t) = (-g-:-),.sp(r, 1) + (58T (r, 1) (1.1)

The first term in eq.1.1 reflects the isothermal fluctuations of €(r,t) due to density
fluctuations, and the second term reﬂécts the fluctuations of &(r, t) at constant den-
sity due to temperature fluctuations. Experimentally, it is found!? that ( 7)o =20,
thus the fluctuations in € are primarily from density fluctuations. This leads to
a direct correlation between density fluctuations and fluctuations in the scattered
light. The intensity of the scattered light from the liquid is given by the time

correlation function of the Fourier transform of &(r, t)

I} (q,w) =< 6ef(q, w)be;r(q,w) >
2
~ (n; ny)? (g—;)T Spolayw) (1.2)

Where n is a unit vector in the direction of light propagation, and 7, f denote the
initial and final states, respectively. The spectral density of the autocorrelation
function of density fluctuations, S,,, in eq. ‘(1.2) is given by
1 [t ;
Spe(@:w) = o~ L e~ < 6p*(q,0)6p(q,t) > (1.3)

According to thermodynamic theory, one can represent the density fluctuations by

entropy fluctuations and pressure fluctuations:

50 = (22)p65 + (28)55P (14)

Since S and P are statistically independent, eq. (1.2)-(1.4) result in

If(g,w) = (m; - n,) (ae) [(-g-;) <|GS| >+(gp) < |6P)? >] (1.5)
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The correlation function < |6p|* > in eq. (1.3) can be obtained by solving the
hydrodynamic equations, which are expressed locally by the conservation equations
for the number density p(r, t), the momentum density g(r, t) and the energy density

e(r,t) 12,13,
dp

.5? + pov u=0 (1.6!1)

ou
Pogy +VP-qmV(V-u)=0 (1.60)
poTo%% - szT = 0 (1.66)

Where u is the velocity of the fluid, A is the thermal conductivity, and the subscript
o denotes equilibrium quantities. The correlation function < 6p*(q,0)6p(q,iw) >
is then obtained by solving those equations and by Fourier transformation. For
most pure fluids, the damping of sound waves is small compared with the sound
velocity, which means the width of the Brillouin peaks, I'g?, is much smaller than
the Brillouin frequency shift, I'q? << w. Then the calculated spectrum can be
simplified into a sum of Lorentzian line shapes.!'??> The Rayleigh line is centered at
the incident light frequency and is broadened by the lifetime of the entropy waves,
[pCp/Alg?, where Cp is the specific heat at constant pressure. The Brillousn lines
are centered at the frequencies +w and are broadened by the lifetime of sound
waves, 1/T, where I' = 1[(n, + 3n.)/0] ¢*.

In 1934, Landau and Placzek predicted“ that the ratio of the intensity of
Rayleigh peak to Brillouin doublets should be

2Ipg - C, (1.7)

where C,, and C,, are the specific heats at constant pressure and constant volume.
This can be simply derived from eq. (1.2) and (1.5) as follows. The evaluations
of mean-square fluctuations of density and pressure give < |p|2 >= %pszTxr,

where xr is the isothermal compressibility, and < |P|* >= Vs kBT, where xs
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is the adiabatic compressibility. Since pressure fluctuations are responsible for
Brillouin doublets, and xg = p"’l(g"‘%) s by definition, then

I+2Ig  <|pf*>
2Ip  (88)3 <|PP >
_ %akBTXT
-V‘;—skBTx?g
= XT
B Xs

==E (1.8)

Experimental results on simple fluids have not only confirmed the Landau-Placzek
prediction, but also demonstrated the possibility of the study of structure contribu-
tions to the sound propagation at high frequencies.*!? Cummins et al measured*
the Laudau-Placzek ratio for 11 common liquids. They found that a modification
of the Landau-Placzek equation is needed in some molecular fluids, such as carbon
tetrachloride CCly, due to the effects of dispersion.

Figure 1.2 shows the Brillouin spectrum of CCly. One can compare the
spectral distribution for CCl, with that of methanol shown in Fig. 1.1. In the
CCl, spectrum, there is a continuous background, or Mountain peak, between
the Rayleigh peak and Brillouin doublets. Carome et al measured® the sound
velocity and its attenuation using both ultrasonic and light scattering techniques,
| and they found that both the sound velocity, v, and the damping of the sound, Av,
are frequency dependent. Mountain realized that the additional central peak was
induced by the relaxation processes in the fluid, and formulated a rather general
theory. In his model,!® Mountain attributes the structural relaxation of the liquid
to the elasticity of the system. He pointed out that in CCl, there is a weak coupling
between the molecular internal degrees of freedom and the translational motion of
the molecules. This coupling is reflected in the density fluctuations through the

longitudinal viscosity, m;(w), which is a function of frequency. Mountain used a
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1.2 Brillouin spectrum of molecular liquid CCl, in 90°, with green light at 514.54.
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generalized hydrodynamic theory, replacing the constant viscosities with frequency
dependent quantities, 5,(w7) and n,(wr), where the subscripts v and s denote
the bulk and shear quantities respectively. The width of the additional central
peak is found to be roughly r—1, where 7 is the characteristic relaxation time in the
molecular fluid. Mountain’s formalism describes the Brillouin spectrum of CCly
very well. For CCly, r is on the order of 10~!1sec, as shown both by the spectral
fitting by Gornall et al,!® and by the frequency dispersion of the sound velocity
measured by Carome et al®. In order to measure the contribution of structural
relaxation to the elastic properties of the fluid, one must perform experiments on
a time scale that is small compared to the structural relaxation time. For many
molecular fluids, this relaxation time is longer than 10~!2sec, thus the ultrasonic
and the light scattering measurements are ideally suited to study their elastic

properties.

One of the most interesting aspects of the acoustic properties of complex flu-
ids is the viscoelasticity due to the internal degrees of freedom which can dissipate
energy. Complex fluids have large molecules which organizé themselves on length
scales of about 10A to several microns. Thus there are many possible dissipation
" processes including vibrational, rotational, or configurational relaxations. The
characteristic time, 7, for the dissipation process in complex fluid systems is often’
greater than 10‘1°§ec. When the structural relaxation time in the fluid is com-
parable to 10~1%ec, the fluid exhibits significant viscoelasticity in the hypersonic
frequency range.l®17 When a external perturbation with frequency w=! > r is ap-
plied to the system, the fluid responds viscously; but if w=! < 7, the fluid responds
elastically, since it has insufficient time to relax. Therefore, the both the sound
velocity and the attenuation can be measured as a function of frequency, and their
dispersion in frequency gives the dynamical properties of the fundamental local

structural rearrangements in the fluid. Even though there are a few publications
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on the ultrasonic relaxation studies in microemulsion systems,'®:1® there are as
yet few such investigations on complex fluids, such as microemulsions and colloidal

systems.

We have studied the sound propagation in three different complex fluid sys-
tems. The first is made from the surfactant sodium di-2-ethylhexylsulfosuccinate
(AOT). In micelles, the AOT surfactant molecules aggregate to form spherical
droplets, which are dispersed in the continuous oil phase; in microemulsions, they
stand at the interfaces of water and oil to form droplets with water cores which
are dispersed in the oil. The second system consists of a quaternary component
microemulsion with the surfactant polyoxyethylene-10-oleyl-ether (Brij-96), the co-
surfactant butanol, and oil, and water which is the continuous phase in this system.
The last system is polymethylmethacrylate (PMMA) spherical colloids which be-
have as a suspension of hard spheres. The similarity between these systems is
that they are all composed of spherical particles dispersed in a fluid. However,
the spheres for three systems have completely different characteristics. Their size
can range from much smaller than the sound wavelength to comparable to the
sound wavelength. Also the spheres are either aggregates of surfactant molecules,
- —droplets of fluid coated with a shell of surfactant molecules, or solids. In addition,
the interaction potentials are different. In the colloid system the interaction is very
short ranged and repulsive, and is the hard sphere interaction. | In the other two
microemulsion systems, the interactions are either attractive or repulsive. The
fundamental question one can ask is how is the sound propagation is modified
by the spheres randomly suspended in the fluid, and how the results reflect the

structural correlations of the spheres.

We have used both ultrasonic techniques and Brillouin scattering to measure
the propagation of sound waves in AOT micelle and microemulsion systems. The

sizes of the spherical droplets are < 1004, which is much smaller than the sound
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wavelength. The droplet phase is less compressible than the liquid phase. In
addition, the interaction between the droplets is slightly attractive. We find a
pronounced viscoelastic behavior in both the micelle and the microemulsion sys-
tems. The frequency dispersion of the sound velocity reflects a dynamic rigidity
percolation, which results from the structural correlation of the droplets due to the
attractive potential. The relaxation time, 7, which characterizes the interaction
between droplets depends on the magnitude of the attractive potential. When the
period of the sound wave, w™1, is comparable to or smaller than the relaxation
time, the droplets form a connected network above a critical droplet concentra-
tion. Due to the rigidity of the spheres, this network can support shear. The
shear modulus contributes to the longitudinal elastic modulus of the system when
w=! < 7, and thus leads to a pronounced viscoelastic behavior in the system. The
longitudinal elastic modulus, 3, increases at high frequency, thus there is frequency
dispersion in the velocity of sound. Since the droplets are very small compared
with the sound wavelength A,, we use an effective medium theory to calculate the
elastic modulus as a function of droplet volume fraction at each frequency. The
results indicate that the shear modulus of the droplet phase is a function of fre-
quency, and varies with a Debye relaxation form like the measured sound velocity.
We also find that the relaxation time depends on the magnitude of the attractive
interaction between the droplets, which can be varied by changing the droplet sizes
or using different alkanes in the solvent. The relaxation time given from the De-
bye relaxation fit of the effective medium theory of the data is consistent with that

obtained from fitting the Brillouin spectra using Mountain’s formula.

A second microemulsion system that is studied using both ultrasonic tech-
niques and Brillouin scattering is the four component system consisting of the
surfactant Brij-96, the cosurfactant butanol, and oil, and water. In contrast to

the AOT microemulsions, the interaction between the droplets is repulsive. In
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AOT micelles and microemulsions, oil is the continuous phase. Thus the polar
heads of the surfactant molecules are in the droplet cores while the long tails are
penetrating in the oil phase. The overlapping of the AOT molecular tails be-
tween droplets leads to a short range, weak attractive interaction. However, in
the Brij-96 quaternary microemulsions, water is a continuous phase. The surfac-
tant molecular tails are packed inside the oil droplets, which are surrounded by the
_ polar heads of the surfactant and cosurfactant molecules. Therefore, there is no
attractive interaction between droplets and the repulsive interaction is dominant.
The results indicate that the sound velocity is strongly affected by the interaction
of the water and the alcohol. It has been found that in binary mixtures of water
‘and alcohol, the sound velocity has a maximum at a critical alcohol concentration.
The critical concentration depends on the sélubility of the alcohol in water and on
the temperature. The interpretation of this is due to the association complexes
formed by water and alcohol molecules. Thus the rigidity is increased by the stiff-
ness of the association complexes. A very similar velocity maximum is found in
our microemulsion system, where the critical butanol concentration is determined
by the solubility of butanol in water. In addition, we find that increasing the
repulsive interaction between the droplets by adding charges in the microemul-
sion system has no obvious effect on the results. Unlike the AOT microemulsions
where the attractive interaction between droplets leads to the observed viscoelastic
behavior, this quaternary microemulsion shows that the enhanced repulsive inter-
action between droplets does not affect the structural correlation significantly, thus
no different elastic behavior is found on the system. Due to the complexity of this
four component microemulsion systems, a full understanding of the results still

awaits more theoretical work.

The last system we have studied consists of suspensions of PMMA hard sphere

colloids. The spheres are solid balls with a layer of adsorbed polymer with a



12

thickness of ~15nm. The diameters of the spheres are 370 or 680nm, including
‘the polymer layers. We use dodecane and carbon disulphide as the suspending fluid
allowing us to index-match the particles, eliminating multiple scattering. Since the
size of the particles is comparable to the sound wavelength A,, we can investigai:e
the sound propagation for a wide range of wave vectors q, where ¢gd < 7, gd =~ 7 and
qd > =, correspondingto A > d, A ~ d and A < d, respectively. The results show a
novel form of acoustic wave propagation. First of all, in the range of ¢gd < 7, when
A, > d, the sound propagation can be described by effective medium theory, as
expected. As q is increased and ¢gd ~ 7, which means ), is comparable to the size
of the spheres, an additional longitudinal acoustic mode appears. When qd > =,
the two modes are clearly resolved in the Brillouin spectra. One of the modes has
a velocity intermediate between that of the solid and fluid phases, and the other
mode has a velocity slower than that of both the two pure phases. By varying
the scattering angle, and therefore q, we measure the dispersion curves, w as a
function of q. The frequency of the fast mode increases with sphere concentration,
while the frequency of the slow mode decreases with sphere concentration. The
fast mode is a longitudinal acoustic mode that propagates through both the liquid

and solid phases. The slow mode is interpreted as a coupled interface wave.

The final set of experiments to bg discussed concerns measurements of the
optical phonon relaxation using picosecond Raman scattering. The phonon life-
time measured from the Raman linewidth is found to be on the order of 10~2sec.
However, the measurements are rather uncertain, since other factors can also affect
the linewidth, such as defects in the lattice. In the time domain measurements,
the decay of the intensity of anti-Stokes Raman peak as a function of time is mea-
sured. This allows direct investigations of the relaxation of the thermally excited
phonon population. Using pump-probe time-resolved Raman scattering, we find

that the thermally excited optical phonon population relaxation time in crystal
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germanium is about 7 picoseconds at a temperature of 77TK. The pulse duration
is less than 3 picoseconds. We also measure the temperature dependence of the
phonon relaxation time. We find a discrepancy in the temperature dependence of
the measured relaxation times between our work and the linewidth measurements
by Cardona et al.?° The interpretation of this discrepancy is that the inverse of
the linewidth is the sum of phonon lifetime and the pure dephasing contributions
due to the scattering of the phonon by isotopic disorder. On the other hand, the
phonon population lifetime from the time domain measurement reflects not only
the decay of the optical phonon, but also the inverse processes which replenish the
phonon population. The longer lifetime of the optical phonons is given by the
time domain measurements.

The remainder of this thesis is organized as follows: in the next chapter,
the details of the experimental techniques, both Brillouin scattering and ultrasonic
techniques, will be given. The apparatus, the methods, and the experimental error
sources are discussed. In chapter three, we discuss the study of dynamic rigidity
percolation in AOT micelles in decane. In chapter four, we discuss further the
sound propagation in AOT micelles and microemulsions as the interaction energy
between the particles is varied. In chapter five, we report an unexpected result
from another microemulsion system, made up of a water continuous phase so there
is no attraction between the droplets. In chapter six, we discuss the novel acoustic
propagation in hard sphere PMMA colloids, where we have found more than one
.longitudinal sound wave propagating through the disordered system. The last
chapter is a study of optical phonon population relaxation in crystal germanium

using picosecond Raman scattering techniques.
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Chapter 2
EXPERIMENTAL

In this chapter, the experimental details including instrumentation, measure-
ment methods and error sources will be presented. There are three parts: the
first describes the Brillouin scattering apparatus and its use for the measurement
of sound velocity. The second part presents a technique for the measurement of
sound velocity at much lower frequencies: ultrasonic time of flight. The last part
describes the picosecond Raman scattering technique for measuring the optical |

phonon relaxation time. In each part an experimental error analysis is provided.

2.1 Brillouin Scattering

One way to measure the sound velocity is to scatter light from the thermally
excited density fluctuations in the system; this is called Brillouin scattering, and
is discussed in chapter 1. Our Brillouin scattering experiments are performed
using either an Ar* laser at 5145 A or an Krt laser at 6471 A . A schematic
drawing of the apparatus is shown in Fig. 2.1. The laser beam is focused by a
100 mm focous lens to a spot of about 100 um diameter in the sample cell. Light
scattered through a particular angle is collected and collimated by a camera lens.
The collimated beam then passes through a piezoelectrically driven, scanning, five-
pass Fabry-Perot interferometer with stabilization controls. The signal from the
Fabry-Perot is focused into a photomultiplier operating in the photon counting
mode. The output is analyzed with a computer used as a multichannel analyzer
to resolve the Brillouin spectrum. The various components of this experiment will
now be discussed in detail.

The single-frequency laser power we use is typically 100 mW; we avoid higher

incident power to prevent any thermal effects which could affect the spectra. For
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2.1 Schematic of the experimental system for Brillouin scattering with a Fabry-

Perot interferometer in 5-pass operation.
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example, in the PMMA colloids we observe strong self-focusing of green light when
the incident power is larger than 100 mW. Scattering angles are between 15° and
175°, allowing us to vary the scattering wave vector, ¢ = 1{3 sind/2, from 0.003

cm™! to 0.04 cm™1.

The sample container is a 10x10 mm? square glass cuvette. The procedures

of sample preparation will be discussed in the following chapters.

A Fabry-Perot interferometer consists of two plane mirrors held parallel to
each other. One of the mirror is scanning to change the mirror spacing, d, and to
sweep the Brillouin spectrum. The mirrors are wedge shaped (15 min) to avoid
forming additional cavities between the outer uncoated surfaces. The inside faces
" of the mirrors are maintained parallel and have a high reflectivity to form the
Fabry-Perot cavity. The outer surfaces have a small, but finite, reflectivity. The
reflection of light from the uncoated surfaces can be detected when the scattered
light is strong enough.! If the angle of the wedge of the mirror is &, a new
beam appears due to the reflected light from the uncoated surfaces, making an
angle of 2% with respect to the main beam from the Fabry-Perot cavity. This
new beam adds to the symmetric Rayleigh peak in the Brillouin spectrum. It
has weak intensity but contribute to only one side of the Rayleigh tail, giving
rise to the appearance of a ghost image and making the Rayleigh peak appear
asymmetric. This ghost pattern is a property of the Fabry-Perot interferométer,
and the only way to eliminate it is to reduce the intensity of the unwanted scattered
light from the line light source used in our experiments. When the scattered light
from the line source is collimated, the light incident to the Fabry-Perot includes
contributions collimated in different directions, causing the uncoated surfaces of

the mirrors to produce a ghost image.

We have used two different optical configurations to collect the scattered light

for different Rayleigh scattering intensities. The first is to use a single lens to
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collect the scattered light, and is used in the microemulsion experiments. In the
microemulsion e)gpe;iments, the Rayleigh scattering is not enhanced too much by
the static scattering from the droplets, because their size is < 100 A. Thus, the
scattered light is collected with a camera lens with focal length of 76 mm. The
excited volume is at the focal plane of the lens, ensuring that the collected light is

collimated into the Fabry-Perot.

The second configuration is to use a two-lens collecting system, which can
eliminate the unwanted stray light from different directions. This is used in the
PMMA colloid experiments, where the Rayleigh scattering is much more intense,
due to imperfect index matching of the colloidal particles, whose size is comparable
to the wavelength of the light. This can lead to a distortion of the Rayleigh peak
in the spectra, due to a ghost effect which arises from spurious reflections from the
uncoated surfaces of the Fabry-Perot mirrors.! These reflections result from light
incident at off-normal angles. Therefore, we must use a better arrangement of
the collection optics to eliminate the extra light, as shown in Fig. 2.1. The first
lens has a focal length of 100 mm, and has a object length twice the image length,
making an image of the excited volume onto the image plane, without magnifying
~it. An adjustable pinhole is placed at the image plane of the first lens. Typically,
the pinhole size is about 150 um. This pinhole selects the scattered light from
a 150‘pm spot of the excited volume, and eliminates the remainder of the light.
The light which passes through the pinhole then acts as a point source allowing us
to eliminate the unwanted scattered light from the line source. The second lens is
focussed on the pinhole, and collimates the scattered beam into the Fabry-Perot
as the lens in the first configuration. This modified configuration eliminates the

ghost effect and results in high-quality spectra.

In our experiments, the scattered light is analyzed with a scanning Fabry-

Perot interferometer driven by piezoelectric transducers from Burleigh. The mirror
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set has a diameter of two inches and 88% reflectivity at the wavelength used. All
the measurements reported here are using 5-pass operation. This is achieved by
two corner cube retroreflectors on either side of the mirrors, which displace the
reflected beams laterally and pass them through the mirror set 5 times. The

aperture for 5 pasées is Tmm in diameter.

The 5-pass operation offers high resolution and high contrast. The spectral
resolution is defined by the ratio of the wavelength of the light, A, to the minimum
resolvable bandwidth of the instrument, Agw, which is measured from the full
width at half maximum (FWHM) of the resolvable peak. For a Fabry-Perot
interferometer, the finesse is the key measure to resolve closely spaced lines. The
measured finesse in one pass is about 20, and in 5-pass operation is about 50, which
means the peak resolution is about 2% of FSR. It is measured by the ratio of the
free spectral range, FSR, to the FWHM of the Rayleigh peak, since the Rayleigh
peak is narrower than the instrumental resolution. The free spectral range is the
frequency difference between two Rayleigh peaks: FSR=c/2d, where c is the speed
of light, and d is the mirror spacing of the interferometer. We use an extended
light source from a white paper illuminated homogeneously by a defocused beam

‘to obtain the instrument spectrum to measure the finesse.

Contrast is another important characteristic of a Fabry-Perot interferometer.
It is the ratio of the maximum intensity of light transmitted to the minimum inten-
sity of light transmitted, I;ngz/Imin, Where Ip,. is the intensity of the Rayleigh
peak, and Ipin is the minimum intensity between the Rayleigh peaks. We mea-
sure, in one pass, the contrast is approximately 103, while in 5-pass it can be as
high as 101°, Both the measured finesse and contrast are léwer than the theoret-
ical expectations of 62 and 6 x 10'!, respectively. This may be due to the dust
on the mirror surfaces, which produces extra scattering, reducing the finesse, and

resulting in the lower transmission.
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The sound velocity is determined from the measurement of the frequency
shift of the peak of the Brillouin doublet, w, and the scattering wave vector g:
v= %’-. To calculate the wave vector g, we must know the index of refraction,
n, and the scattering angle, §. We measure the index of refraction n for each
sample using a refractometer. The scattering angle is determined approximately
from the geometry of the optics, and then is determined more precisely through a
calibratation procedure using simple liquids with known sound velocities.

The most significant source of error is due to the uncertainty in the determina-
tion of the scattering angle, . An additional possible source of error arises in the
determination of the FSR, which involves the precise knowledge of the spacing d.
This latter error can be significant when d is small. To minimize our experimen-
tal error, we calibrate the system by measuring v from some simple liquids whose
velocities are well known. These liquids include acetone, methanol and purified
distilled water. The calibration procedure must determine both the plate spacing,
d, and the scattering angle, §. To determine d, we first measure the velocity of the
calibration fluids with 6 near 180°, where q is insensitive to §. Once the FSR is
determined, we then align the optics with the scattering angle we need, and mea-
sure the sound velocities from the three simple liquids again. Thus the scattering
angle, 8, can be determined. The remaining uncertainties of both the FSR and
the angle 0 calibrated from this procedure are from the reading error.

The reading error arises from the uncertainty of the determination of peak
positions in the spectra of the multichannel analyzer. For a typical Brillouin

spectrum, the velocity of sound is obtained from

w
v=—
9
= (¥ Ne
= () G)x. (21)

where N is the channel number, and the subscripts B and F refer to the Brillouin
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peaks and the FSR, respectively. Roughly there are 600 channels in FSR, and
200 in the Brillouin shift. The uncertainty in the determination of the peak
position is no more than 6 channels. This leads to a reading error for the FSR
of :i:-é% = + 0.01, and for the Brillouin shifts of :1:2—3-5 = £ 0.03. Thus, the
reading error for determining FSR in frequency is ~ 0.035. In the & calibration,
the error for determining ¢ is ~ 0.05 by suming three errors above. Therefore,
the systematic error in determining v can be as high as =~ 0.07. However, the
relative error for measurements of v as a function of ¢ is substantially less because
all the calibration remains unchanged. It is only 0.01 due to the uncertainty of
determining the Brillouin peak position.

The damping of sound Av is measured from the full width at half maximum,
Apneas, of the Brillouin peak after accounting for the system resolution, A,y,.
The simplest way to deconvolute the system resolution is to use the approximate
relation Amegs? = A,‘,,,2 + Aveat®, which assumes that both the Brillouin peak
and the system resolution function are Gaussian. When the width is significantly
broader than the system resolution, this approximation gives reliable results. By
contrast, when the measured width is comparable to the resolution, the results are
less reliable.

We have also carried out more precise fitting of the spectral forms for some
experiments, where theory is available. We convolute the theoretical spectrum

with the instrumental response to calculate the spectral distribution
©o
Ioba(w) =/ Iina(W')f(w - w’)d“” (2'2)
~00

and fit to the data. Here, I;3,(w) is the measured spectrum, f(w) is the theoretical

form, and

P
1

I; = — 2.2a

ine(1) (1 + 'ﬁ'?‘f‘ sin 7557 ) (3.22)
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is the instrumental function.? The instrumental response is obtained experimen-
tally by using an extended source obtained from scattering from a piece of paper.
We fit the measured response to eq. (2.2a) to obtain both the width of the Raleigh
peak, 6w, and the n@er of passes, p. While we should ideally have p = 5, we
typically obtain better fits using p ~ 3.8. In addition, our measured finesse is
typically =~ 50, which is less than the theoretical reflectivity finesse of 62. The
discrepancy is due to other effects which degrade the finesse, including the mirror
flatness and the pinhole size.

2.2 Ultrasonic Measurements

Another way to measure the sound velocity is to use an ultrasonic technique, in
which the sound waves are excited externally in the MHz range. We use ultrasonic
techniques to extend the measurement of the sound propagation in micelle and
microemulsion systems to a lower frequency range. In these measurements, the
sound velocity, v, is determined by the measurement of the time, ¢, for the sound
wave to travel through a cell of length, L. The time measurements can be done
either by measuring the time period between two echoes or by using a delay line
technique.

The apparatus for our ultrasonic time of flight experiments is shown in Fig.
2.2. A continuous wave signal with a frequency f is obtained from a frequency
synthesizer. It is divided into two parts by a power divider. One part is fed into
a gate amplifier and forms a pulse of about .03 usec long, which is used to drive
the transducer to generate sound waves in the fluid of the cell. The sample cell is
about 10 mm in length. Transducers are mounted on either side of the cell, one
used as the oscillator and the other as the receiver. The time of flight of the sound
can be measured directly using the receiver to determine the period, t,, between

the echoes of this pulse, which is reflected from two transducers and travels back
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and forth across the cell. Alternatively, we can use a delay line technique. The
second part of the cw wave is fed into another gate amplifier to form a second
pulse. This pulse is sent down to delay lines and is combined with the signal from
the receiver. It will has a phase shift compared the first pulse. By adjusting
the delay line to match the phase of two pulses, and measuring the time difference
required for matching, the transit time, At, can be determined.

We first use the echo measurement to determine ¢, for the solvent. Then
we vary the concentration of micelle or microemulsion droplets in steps of about
0.025, and measure the change in the transit time, At, using the delay line. The
At can be measured with an accuracy as high as 10~3. Then v is calculated from

L
to+ At

v(¢) = (2:3)

To measure the dispersion in the velocity, we use 2, 3, 10 a.nd 15 MHz transducers.
Data at 6 MHz is obtained using the third overtone of the 2 MHz transducer. We
also tried to measure the signal at 46 MHz using the third overtone of the 15 MHz
transducer, but the damping of the sound is too strong to measure the signal for
¢ > 0.3 with our cell.

The length of the sample cell, L, is roughly measured using a ruler. In order
to eliminate the error from the determination of L, we first calibrate the system
by measuring v for simple liquids, such as acetone, methanal and purified distilled
water where the velocity of sound is well known. The experinienta.l error, therefore,
arises from the measurement of t,, and is typically 6t, ~ 43382 ~ 0,01. Here .2

2Bpusec
usec is the accuracy of the measurement of ¢,, and 25usec is a typical value of ¢,

for fluids.
The damping of sound is measured by the decay in the amplitude of the first
or second echo, A(@) = Age~*(#)L, where « is the attenuation coefficient of sound,

and Ao is the amplitude of the initial phase. We also calibrate Ao using simple
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liquids. Due to the uncertainty in the amplitude measurement the reliabilities of

o are reduced.

2.3 Picosecond Raman Scattering Measurements

Raman scattering results from the scattering of light by internal vibrations
of molecules or optic phonons in crystals. We use an excite-and-probe scheme?®
of picosecond Raman scattering to study the optical phonon relaxation in crystal
germanium, and to measure the thermal excited optical phonon relaxation time,
7. A laser pulse is split into two beams, one is time delayed relative to the
other; the first beam on the sample generates the nonthermal equilibrium optical
phonons, while the second beam probes the decay of those phonons by measuring
the anti-Stokes Raman scattering as a function of delay time.

The apparatus used for the time-resolved picosecond Raman scattering exper-
iment is shown in Fig 2.3. A mode-locked Kr* laser produces pulses of ~ 150 ps
in duration at 40 MHz repetition rate, and synchronously pumps a cavity-dumped
dye laser using rhodamine 6G as the lasing medium. A photodiode is used to
monitor the pulses from the Krt laser. The output pulse from the dye laser has a
photon energy of E=2.08 eV with the repetition rate changing from 0.8 to 40 MHz.
These pulses are monitored by an autocorrelator usin'g a potassium diphosphate
(KDP) crystal in a background free second harmonic generation arrangement.*
Typically, the autocorrelation traces indicate that the pulse has a half-width at
half maximum of 2.3 ps. The laser output is then split into two beams of equal
intensity, one of which is delayed using a computer controlled translation stage.
The beams have the same polarization and are focused onto the < 111 > surface of
Ge with a spot diameter of 15 um. The overlap and the focus of the beams is con-
firmed using a pinhole. The total back-scattered light is collected and dispersed

in a Spex Triplemate monochromator. A photomultiplier is used in the photon
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2.3 Experimental arrangement for time-resolved Raman scattering measurements.
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counting mode to record the anti-Stokes Raman intensity as the delay between the
pulses is varied. In addition, an optical multichannel analyzer is used to determine
the Raman spectrum which is identical to that observed in cw Raman scattering
within the 5 cm~! resolution of the spectrometer.

The low temperature data are obtained when the sample is in contact with
the cold finger of a Dewa.r with liquid nitrogen as the coolant. The sample is
mounted on a copper block to insure good thermal contact. The temperature is
monitored using a silicon sensor attached to the copper block. The temperature
dependence of the phonon population relaxation as a function of delay time are
measured while the Dewar slowly warms up, as the liquid nitrogen evaporates. It
takes about 5 hours for the system to warm up from 77° to room temperature,
and a typical measurement takes only about 15 min. Therefore, the measurement
results are still reliable within the temperafure uncertainty of a few degrees.

The relaxation time of the optical phonon population, 7, is obtained from the
fitting of the measured exponential decay of the anti-Stokes Raman intensity as a
function of pulse delay, I,eq(7p). The convolution of the excitation profile, I..,

with the phonon density, N(r), is used for the fitting, which is given by

Imea(rp) = conat. / L.(¢') N(:2=Yy (2.4)
*° !
Where tp repres«Imm(TD) = const. /_ i Iz(t') N ( ) dt! g parameter. The

major experimental error arises from the instability of the pulse profile. The uncer-
tainty of the pulse duration is ~ #+.5 ps obtained by measuring the autocorrelation

traces from the oscillograph. Therefore, this leads to an uncertainty of 7 = -1 ps.
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Chapter 3

DYNAMIC RIGIDITY PERCOLATION
IN INVERTED MICELLES

The elastic behavior of inhomogeneous materials provides an informative probe
of their physical properties and structure. For materials comprised of random dis-
persions of small particles, the elastic properties are critically dependent on the
connectivity, providing a sensitive measure of the nature of the bonds and the
spatial correlations between the constituent particles. Similarly, the viscoelastic
properties of a complex fluid can also provide new insights into the spatial corre-
lations and interactions of its components. In this case, however, the dynamics of
the fluid add new richness to the behavior.

In this chapter, we discuss the unusual viscoelastic properties of inverted mi-
celles, or very small spherical aggregates of surfactant suspended in an oil.1=8 In
these experiments, the surfactant is sodium di-2-ethylhexylsulfosuccinate (AOT)
and oil is decane. We have measured the velocity of sound asa function of droplet
volume fraction at different frequencies using both ultrasonic and Brillouin scatter-
ing techniques. The sound velocity is found to exhibit pronounced dependencies
on both the frequency and droplet volume fraction. The frequency dependence
reflects the dynamics of the interactions between the micelles. At low frequency,
they behave as isolated spheres, while at high frequencies they behave as an in-
stantaneous connected network. The rigidity of this network exhibits power-law
scaling with volume fraction, consistent with rigidity percolation. This chapter will
primarily discuss the physics of the dynamic rigidity percolation in AOT /decane
inverted micelles.

In the next chapter, we discuss additional experiments that probe the elastic

properties of related systems. These include the effect of changing the solvent in
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micelle systems, or varying the size of droplets in microemulsion systems. The
results indicate that there is a contribution of the networks of droplets to the
elastic constant of the system, its magnitude and frequency dependence are strongly
affected by the interaction between the droplets. The viscoelastic properties of
different AOT micelle and microemulsion systems, the effective medium theory
used to interpret volume fraction dependence of the sound velocity, and the fitting

of the Brillouin spectra, will be discussed in detail in the next chapter.

In the inverted micelle systems, the surfactant head groups form a close
packed, central core, with the tail groups oriented outward. The volume fraction
of the micelles, g, can be varied, while their radius, a, remains fixed. There is a
weak, short-range attractive interaction5® between the micelles, and the charac-
teristic time scale of this interaction, 7., determines their behavior. On time scales
long compared to 7, their diffusive motion ensures that the micelles are dynami-
cally dispersed in the surrounding oil. By contrast, on time scales short compared
to 7, the micelles form instantaneous, random cluster, which, at sufficiently high
g, form a connected network. These time-dependent correlations result in a sur-
prising viscoelastic behavior in this relatively simple fluid. We account for the
¢ dependence of the viscoelastic properties by means of a static effective medium
approximation for an elastic composite. We account for the frequency dependence
of the viscoelastic properties through the parameters describing the micelle phase.
The variation of these parameters also reflects the frequency dependence of the
correlations between the micelles. At high frequencies the micelle phase exhibits
a solidlike behavior which supports shear at ¢ > 0.2. This high-frequency rigidity
of the surfactant micelle phase exhibits power-law scaling with . We interpret

this as dynamic rigidity percolation.

The inverted micelles investigated consist of spherical aggregates of AOT

suspended in decane. - By varying the contrast of the oil, small-angle neutron
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scattering”® was used to determine that a =~ 15.1 A, corresponding to aggregates
comprised of 22 AOT molecules. This size remains constant as ¢ is varied.13:5
We study the elastic properties by measuring both the speed and the damping of
the longitudinal sound wave in the fluid. To establish the frequency dependence,
we use both ultrasonic and Brillouin scattering measurements. For the lower fre-
quency, time-of-flight ultrasonic measurements were performed between 2 and 45
MHz, using an interferometric technique to measure the velocity and the decay of
the echo train to measure the damping. For the higher frequency, Brillouin scat-
tering was performed at several scattering angles,' using a five-pass Fabry-Perot
interferometer with both 6471 A Kr* and 5145 A Art laser excitation. The speed
of sound was determined from the peak positions of the Brillouin doublet; the
damping was determined from the full width at half maximum.

* The g dependence of the speed of sound in the solution, v, is shown in Fig.
3.1 for several different frequencies. For ¢ < 0.2, there is only a slight dependence
on volume fraction and no discernible frequency dependence. By contrast, for ¢ >
0.2, the speed of sound increases. Furthermore, there is a pronounced frequency
dependence, with a significantly larger increase in v at higher frequency. To
further investigate this dependence, the variation of v on frequency, f, is shown in
the lower part of Fig. 3.2 for fixed volume fraction for several values of g. The
magnitude of the dispersion increases with increasing volume fraction. However,
for all values of g, the dispersion occurs in the same frequency range, around
108Hz. Furthermore, the data have reached their asymptotic limits at both the
lowest and highest frequencies measured.

The initial decrease in v reflects theAincreased density of the mixture as the
volume fraction of surfactant is increased. By contrast, the increase in v for ¢ > 0.2
" indicates an increase in the rigidity of the oil-surfactant mixture. Alternatively, the

adiabatic compressibility of the mixture is decreasing, implying that the surfactant
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3.1 Sound velocity as a function of volume fraction for several different frequencies.
The sound lines through the data are fits by the effective-medium theory,
using isolated spheres for the surfactant phases for the lowest frequency and

a randoin, connected network for the higher frequencies.
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is less compressible than the oil. The remarkable feature is the pronounced fre-
quency dependence of the increase in v. This implies that rigidity of the surfactant

micelle phase increases at higher frequency.

To account for the observed frequency dependence, we must consider the con-
tribution of the surfactant micelle phase to the behavior of the mixture. We
propose that it depends on the time scale of the measurement compared to the
time scale of the dynamics of the micelles. This time scale arises from the short-
range attractive interaction between the micelles®. Physically, this attraction may
be due to the entanglement of the tails of the neighboring spheres®, which can
interpenetrate by about 3 A. At sufficiently high frequency, the time scale of the
measurement will be faster than the dynamics of this interaction and the micelle
phase can be viewed as an instantaneous, connected network. This network will
support shear, increasing the total fluid rigidity and hence the speed of sound. By
contrast, at low frequencies, the dynamics of the micelles lead to a relaxation of
any shear stress, so that the network is dynamic and the micelles behave as isolated
spheres. Thus at low frequencies, there is no increase in the rigidity due to a shear

modulus of the micelles.

To quantify this hypothesis, we characterize the surfactant-oil mixture by its
average complex elastic constant, 8 = '+ 8", which is the inverse of the adiabatic
compressibility associated with the longitudinal compressional wave. The use
of B has the advantage that it is directly related to experimentally measurable
quantities. The speed of sound is obtained from the real part, v = (8’ /p)%,
where the p is the average density. Similarly, the damping of the sound wave is
determined from the imaginary part, with the attenuation length for an ultrasonic
propagation given by a = ff"/4xv3p, and the width of the Brillouin peaks given
by Av = ff8"[4v?p. Since 8 = k + (4/3)u, where x and p are the bulk and shear

moduli, the data are also sensitive to the shear rigidity of the mixture, although
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only the longitudinal sound propagation is measured.

The average elastic constant of the mixture contains a volume-weighted mix
of the elastic constants of each of the constituent phases. Thus, we attribute both
an elastic constant, 8;, and a shear modulus, y;, to each phase, the oil (i = 1)
and the surfactant micelles (s = 2). To describe the g-dependent properties of the
mixture at each frequency, we use a static-effective-medium approach. This should
be appropriate since the sound wavelength is always much larger than the micelle
size. The dynamics of the micelles, and the resultant frequency dependence of
the behavior, must be accounted for by the frequency dependence of 82 and u.,

describing the properties of the micelle phase.

Both By and u; can be directly determined experimentally using the pure-oil
phase. Measurement of the sound velocity and damping determines 8] and 8.
Furthermore, since a fluid cannot support a shear wave, u;/ = 0, while p! = 27 f1,
where 5 is the shear viscosity at f = 0, which is measured independently. We
cannot, however, independently measure any of the constants for the second phase,
as we cannot obtain a sample comprised of pure AOT micelles. Thus, there are
four unknown, frequency-dependent parameters, the complex 85 and 2, describing
the AOT micelles. These are obtained for each frequency from a fit of the data
for both the sound velocity and damping to the ¢ dependence of 8 predicted by
the effective-medium model.

At low frequency, the dynamics of the micelles ensure that they may be re-
garded as noninteracting, isolated spheres, even at higher ¢. Thus, we use an
effective medium model that assumes a nonsymmetric description of the mixture,®
treating the micelles as isolated spheres in the continuous oil phase. This results
in the Wood’s formula, 8~ = ¢/82 + (1 — ¢)/b1, which is accurate in the static
limit.’® The solid line through the data measured at 2 MHz reflects the good fit

obtained.
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We are unable to fit the higher-frequency data using this model. Instead, we
must assume that the micelles phase is a connected, random network which be-
haves as a solid, supporting shear. We therefore use a symmetric description®1!
of the structure for the two components, assuming that both the oil and the surfac-
tant micelles form bicontinuous, intermixture phases. The symmetric description
requires the role of the inclusion phase to be reversed as ¢ increases, and thus
results in a percolation threshold. However, both components are assumed to
be space filling. Since spheres cannot fill space, we have multiplied the effective-
medium volume fraction by .64, corresponding to the volume fraction for random
close packing of spheres.!? To obtain agreement with data requires the use of a
nonzero value for us in the fit, in accord with our physical picture. The solid lines

through the data at 15 MHz and 4 GHz in Fig. 3.1 are examples of the excellent
fits obtained.

The viscoelastic behavior of the mixture is reflected by the frequency depen-
dence of 83 and u;. Indeed, ~the symmetric model used in fitting the high-frequency
data reduces exactly to the Wood’s formula when u2 = 0. The frequency depen-
dence of the value of u2 obtained from the fits to the effective-medium theories is
shown in the upper part of Fig. 3.2. It has roughly the same form of dispersion as
the velocities, with a limiting value of 8 x 108 N/m? at the Brillouin frequencies.
In addition, the bulk modulus of the micelle phase, %, also exhibits a frequency
dispersion, but it decreases as f increases, from 1.6 x 10° N/m? at 2 MHz to
8 x 108 N/m? at 5 GHz. Physically, this may reflect the different properties of
the micelle phase due to the time dependence of their correlations. Thus, at low
frequencies, £} reflects a change in volume of the isolated micelles themselves. By
contrast, at high frequencies, x} reﬂects a change in volume of the random net-
work of micelles, which can be accomplished by changing their relative positions.

This requires a smaller force than changing the volume of the micelles themselves,
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resulting in a reduction of x}. This behavior is also reflects in a decrease in «’ at
high frequencies for large ¢. While this is highly unusual, this does not imply a
violation of Le Chatelier’s principle!2® because v still increases with frequency due
to the contribution of the shear modulus, u5. The small values of u} =~ x} ~ 10°

N/m? imply that the micelle network is relatively soft but nonetheless solidlike.

For ¢ < 0.4, the behavior of v is reasonably well described by a single-frequency
Debye relaxation model, v = v, + Av(wr)?/[1 + (wrc)?], where v, is the low-
frequency velocity, Av is the total velocity dispersion, and 7. is the characteristic
relaxation time. The behavior of u} also follows a similar form. This behavior
is shown by the solid lines through the data in Fig. 3.2. At higher volume frac-
tions, the velocity dispersion is no longer well described using only one relaxation

time. Nevertheless, the characteristic range of relaxation times for all the data is
| 7. =~ 108 gec. Within our picture, 7, reflects the dynamics of the micelles, and
corresponds to their characteristic interaction time. We can test this hypothesis by
using oils of different carbon chain lengths, which changes® the interaction energy,
E,, and thus 7.. Replacing the decane with hexane decreases E,, and we observe
no dispersion in v, eveﬁ at ¢ = 0.5. This corresponds to a decrease in 7. below
our accessible range. By contrast, replacing decane with hexadecane increases E,.
In this case, we observe an immediate rise in v at the lowest accessible frequencies
for ¢ = 0.5, corresponding to an increase in 7.. We note that the changes in
7. are much greater than the changes in the viscosity of the oils, implying that
the dynamics reflect the interaction time, rather than merely a Brownian diffusion

time.

The dynamics of the inverted micelles lead to the unique behavior of this
complex fluid. At low frequencies their dynamics ensure that the micelles behave
as independent, isolated spheres even at high g. By contrast, at higher frequen-

cies, this is an ideal system to use to measure the elastic properties of random
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inhomogeneous mixtures. The fact that they are a fluid ensures a truly random
dispersion of spheres. The fact that we can measure the speed of sound at both low
and high frequencies ensures that we can distinguish the additional contribution
of the rigidity of the micelle network. The difference between the high- and low-
frequency modulii, Aﬂ, is, to lowest order, linear in the change in u%, and thus
reflects the rigidity of the micelle network. We are able to discern a change in v
only at volume fractions above ¢ =~ 0.16. Thus we plot AS as a function of ¢ — ¢,
on a logarithmic plot in Fig. 3.3. The resolution of the Brillouin peaks precludes
measurements closer to ¢.. Nevertheless, we observe a clear power-law behavior,
with a rigidity exponent of r =~ 2.5. This scaling extends over a rather large
range in ¢ — ¢, and is strongly suggestive of the behavior of a random percolating
network. We emphasize that this observation is based solely on the experimental
data, independent of any model. However, this is a dynamic rather than a static
J&wééﬂféyﬁent, whlch 1i;ﬁits the spatial extent of the sensitivity to the rigidity to
roughly the wavelength of the sound, which is nonetheless at least 100a at the
highest frequency. Finally, this rigidity transition occurs only for the surfactant
micelle phase, which forms the random connected network. The surrounding oil
phase ensures that the mixture maintains a finite bulk modulus at all g and does
not exhibit a percolation threshold.

There are relative few results available for elasticity percolation of random
networks in three dimensions with which these data can be compared. No cal-
culations for random, multiply connected three-dimensional networks exist. It is
found that the electrical conductivity!4 scales with an exponent ¢ ~ 2 in three
dimensions, with 0 = (¢ — ¢.)*. The elasticity exponent is expected to be the
same as the conductivity exponent!® provided only central forces exist between
the constituent particle in the network.!® By contrast, noncentral forces, or bond

bending, break the similarity between conductivity and elasticity, leading to an
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3.3 Critical behavior of the shear modulus contribution of the surfactant phase at
high frequencies, when it forms a random connected network. The exponent

is 7 ~ 0.16.
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increase in the elasticity exponent.!” For single connected networks,® the expo-
nent is predicted to be about 3.5. Experimentally, measurements on beams of
‘sintered metal'® yielded 7 =~ 3.3 with t =~ 2.2, over an equally large range in ¢ — ¢,.
The behavior of the shear rigidity of the network of surfactant micelles is consid-
erably different. This may reflect the different nature of the micelle interactions,
which might change 7. Finally, the value of ¢. found here is consistent with that
found from simulations of interacting spheres.?® It can be expected to change as
E, is varied, modifying 7.. These inverted micelles allow the investigation of this
important issue.

We conclude by emphasizing that the results presented here demonstrate that
the elastic properties of complex fluids are both rich and varied, and provide new

insights into their dynamics and interactions.
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Chapter 4

SOUND PROPAGATION IN AOT
MICELLES AND MICROEMULSIONS

4.1 Introduction

In the last chapter, we discussed the dynamic rigidity percolation in AOT/ de-
cane inverted micelle systems. In this chapter, we further discuss the viscoelastic
behavior in AOT micelle and microemulsion systems, which is studied using both
Brillouin scattering and ultrasonic techniques. Here, we vary the size, the con-
centration and the interaction potential of droplets to determine the consequences
on the sound propagation and elastic properties of the system. We find that by
replacing the oil solvent in the micelles and microemulsions, or by varying the
size of droplets in the microemulsions, the frequency dependence of the viscoelas-
tic behavior is changed, due to the variation of interaction energy. Therefore,
in this chapter, we present all the experimental results of the sound propagation
in both AOT micelles and microemulsions. We also discuss in detail the effective
medium theory which is used to account for the g-dependence of the sound velocity
- at different frequencies. In addition, we discuss a theoretical model proposed by
Mountain, that is used to calculate our measured Brillouin spectral distributions.
A self-consistent picture of the viscoelastic behavior of these suspensions is devel-
oped accounting for all the observations. Finally, we show that, by turning the
interaction energy, a dynamic rigidity behavior in AOT /water/hexane microemul-
sions is obtained, which is very similar to that reported in the previous chapter.

The AOT surfactant molecule has a hydrophilic head and a hydrocarbon hy-
drophobic tail.! Since the hydrophilic heads are water-like and the hydrophobic
tails are oil-like, the surfactant molecules form an interface between water and oil,

resulting in larger structures in the system at thermal equilibrium. In the systems
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studied, all of the structures are spherical droplets.®® The continuous phase is
always an oil, hexane (CeH14), decane (C10Hzz) or hexadecane (C;;;Hu). When
there is no water in the solution, the hydrophilic heads of AOT molecules aggregate
together to avoid the oil phase, while the hydrophobic tails dissolve in the oil. The
resultant spherical structure contains 22 AOT molecules with a radius of 15 A,2
and is called an inverted micelle. When water is added to the system, the heads
of the surfactant molecules associate with the water molecules resulting in droplets
with water cores. As more water is added, the droplets are further swollen and

their radius increases. The size of droplets is determined by the molar ratio of

water to surfactant, R = [H,0]|/[AOT).3

Both the micelle and the microemulsion systems are thermal equilibrium
structures.> The fluctuations in droplet shape and size are small around room
temperature. .A key feature of these systems, which we exploit in all of our mea-
surements, is the fact that the droplet size is insensitive to both the concentration
of droplets and the equilibrium temperature. Therefore, by adding oil, we can
dilute the droplet concentration or volume fraction, ¢, without changing the size.
However, since the micelles only form when the AOT concentration is above a
critical value, [AOT] = 0.225 mM,?>* we use a 0.9 mM with a solution of AOT
in oil to dilute and to change ¢. This allows us to study the ¢ dependence of the

velocity of sound.

There is a weak, short range, attractive interaction between the droplets.5¢
Physically this is due to the overlapping of the short, branched, hydrophobic sur-
factant tails of droplets. The range of the overlapping is about 3 A. The attractive
interaction is an entropic effect. For the oil solvent molecules to fit in between sur-
factant tails, they must adopt certain configurations in their phase space, thereby
decreasing their entropy. By contrast, the tails of surfactant molecules in a neigh-

boring droplet are already optimally oriented by the droplet structure and are able
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to interpenetrate without suffering much decrease in entropy. Thus, the total
free energy of the system is lower when two droplets interpenetrate than when
solvent oil molecules fit in between the tail groups of the droplets. This results in
a net attractive interaction. The strength of thiﬁ attractive interaction increases
as the length of the solvent oil molecule increases, because the entropic cost for
oil molecules to fit in between surfactant tails also increases. In addition, for mi-
croemulsions, as the droplet size increases, the area of overlapping surfactant tails
also increases, leading to a larger interaction energy. This interaction energy also
determines the characteristic time scale of the interaction, 7.. Therefore, we can

vary 7. by using different oils or by changing the droplet size.

For the micelle system consisting of AOT in decane, we observe dispersion
in the sound velocity as the volume fraction of micelles, ¢, is varied. At high
¢, we observe additional dispersion in the sound velocity as the frequency is var-
ied. The physical picture for the additional dispersion of sound velocity is the
following:” the observed frequency dependence of v indicates the existence of a
relaxation process in the system with a characteristic relaxation time, .. For
sound frequencies sufficiently high that the period of the wave is less than 7, the
modulus of the system reflects the contribution of both the continuous fluid, as
well as the instantaneous configuration of the micelles. Because of the attractive
interaction, the micelles can form extended clusters, which, at sufficiently high ¢,
can span the whole system. 'Furthermore, because the tail groups of the micelles
overlap, those micelle networks can support shear. This shear modulus increases
the total longitudinal modulus of the system, thereby increasing the sound velocity.
At lower frequencies, when the period of the wave is greater than 7., the micelles
adopt many different configurations in a single period, thereby relaxing any shear.
The absence of any shear modulus results in a smaller total longitudinal modulus

and a slower sound velocity. This accounts for the additional frequency dispersion
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in the sound velocity. At all frequencies, the g-dependence of the sound velocity
reflects the change in both the average density, p, and average modulus, 8, of the
mixture. With increasing concentration of surfactant molecules, both p and f
increase, since the surfactant molecules have a higher density and a higher elastic

modulus than the oil solvent.

In order to test how the characteristic time, 7., changes when we vary the
interaction energy between droplets, we study the_ frequency dependence of the
sound velocity using different solvents with the micelles. In all cases, we find
a g-dependent velocity; however, the frequency dependence is very different for
the various systems. For the AOT /hexane micelles, the interaction is weak and
no frequency dispersion of the sound velocity from 2 MHz up to 5 GHz. By
contrast, with hexadecane as the solvent, the interaction is much stronger and

there is considerable frequency dispersion in the sound velocity.

For microemulsion systems, the interaction energy still is large due to the
increased area of contact between droplets. However, the water core reduces the
inherent rigidity of the droplets themselves. These two effects compete, accounting
for the behavior observed in these systems. If the droplet size is small enough,
so that the attractive interaction energy is larger, yet fhe inherent rigidity of the
droplets has not substantially decreased, we find a similar dispersion in the velocity
with both ¢ and f as is found for the micelles. By contrast, as more water is
added to increase the droplet size, the inherent rigidity of the droplet is decreased,
and the extended networks can no longer support shear at any frequency. Thus
no additional frequency dispersion of the velocity is observed for the larger sized

droplets.

We use an effective medium theory® to describe our systems, since the size
of droplets is much smaller than the wavelength of sound. The calculations of

the elastic modulus as a function of volume fraction are carried out using two



47

models. One model assumes that the droplets are independent and do not support
shear. This model is used to account for the sound propagation at low frequencies.
The second model assumes that the droplet phase and the solvent phase form
similar, interpenetrating morphologies. Thus, it includes the contribution of a
shear modulus to the elastic modulus in the calculations. We find that only
the second model with a shear modulus can fit the g-dependence of the velocity at
higher frequencies. Therefore, the theory suggests that the shear modulus from the
instantaneous random network is responsible for the observed viscoelastic behavior.

The solid-like elastic behavior at high frequencies is a function of droplet
volume fraction. For the surfactant phase to support shear, the molecules must
span the whole system. This only occurs above some critical volume fraction, ¢..
Thus, the increase in the elastic modulus due to the contribution of shear exhibits
a critical behavior. Indeed, we observed a power-law scaling of the additional
increase in the elastic modulus, Ag, with volume fraction above g ~ 0.16. The
scaling exponent is ¢ ~ 2.5. Thus the surfactant phase exhibits a dynamic rigidity

percolation.

4.2 Effective Medium Theory

Effective medium theory is used to calculate the characteristics for a inhomo-
geneous system as a function of volume fraction of the constituent phases. It can
be used to evaluate the effective elastic moduli for multicomponent composites.®
The basic assumption of this theory is that the length scale of probing waves is
much larger than the size of inclusions, so that the medium appears homogeneous
to the probing wave, and so that multiple scattering effects due to the inhomo-
geneity are negligible. For a two-phase mixture, where one phase is a continuum
and the other consists of inclusions randomly embedded in the continuous matrix,

an effective medium theory are used to evaluate the average elastic modulus, 8.
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It is derived from the consideration of an inclusion isolated in an infinite effgctive
matrix, which includes the effects of other inclusions.®® In our experiments, the
length scale is greater than 2000 A, and the siié of droplets are smaller than 200
A. Thus, we apply the effective medium theory to determine the ¢-dependencé of
the sound veloéity in micelles and microemulsions.

The measured sound velocity, v, and the damping of sound, Av, can be related

to the complex effective elastic modulus, 8 = 8’ + 18", by

u=yE o
AN : o

where the average density is given by

p = dpa+(1—4)po (4.2)

where pq and p, are the densities for the droplet phase and the oil phase, respec-
tively. The imaginary 8" is related to measured quantities by 8" = adwv3p/f in
the ultrasonic measurements and 8" = 6v4v3p/ f in the Brillouin scattering, where
a is the measured damping of sound from the ultrasonic measurements and 6v is
the half width at half maximum (HWHM) of the Brillouin peak. The effective
medium theory is used to determine the effective elastic modulus, including both
B, and g".

In order to calculate the effective complex elastic modulus, 8, the elastic prop-
erties for the two constituent phases must be known. In our systems, all the
required parameters for the oil are known either from the literature!® or from
measurements, including sound velocity, viscosity and index of refraction. We
define the elastic modulus and the shear modulus, g, for oil phase by adding the
subscript o, and for droplet phase by adding d. The elastic modulus of the oil,
Bo, is determined from the measured sound velocity, v,, and the density, p,, which

is given from the literature, B, = v,2p,. The imaginary part of the elastic
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.

modulus of the oil, 87, is determined from the measured damping of sound, Av,
Bo" = (Av,)?po. The measured shear viscosity, 7o, is used to determine the imag-
inary shear modulus, u,” = swn,. Since a viscous liquid has no shear, we set
1o’ = 0. By contrast, a pure phase of AOT configured as droplets does not exist,
so most of the parameters describing the surfactant phase can not be determined
experimentally. The only parameter that is known is the density, pg = 1.13 g/cm?3.
Thus, we have four unknown parameters describing the oil phase, which are used
to fit the data. They are the complex elastic modulus, 84, and the complex shear
modulus, x4.

The effective medium theory is a static model by its nature. However, the
viscoelastic behaviors measured in our systems are frequency dependent. There-
fore, we use the static model to fit our data for each frequency separately. The
parameters for each phase in the fits could be frequency dependent, which reflect
the frequency dependent of the viscoelastic behavior.

The selection of different basic structural units of the composite in the mixture
produce different physical characteristics,® because the microstructure of the grains
and their topological arrangements have an important influence on the calculated
effective physical quantities. In fact, we have used two models in order to fit our
experimental results.

At low frequency, we use a model which treats the micelles as independent
droplets. The effective elastic modulus, 8, is calculated using the Wood’s approx-

imation, which weights the inverses of 8, and 84 with their volume fractions,
(4.3)

This simple model does not admit any shear in the system. We use it to fit the
data measured at low frequencies, where the system can not support shear because

the extended networks formed by the droplets relax in a time much shorter than
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the period of the sound. At high frequency, a random network is formed by
the surfactant phase, and we must account for the possibility that this network
supports shear. Thus we use an equal bases model, which can account for the
formation of extended clusters by the droplets, which can support shear. This

model includes the complex shear modulii, u, and pg4, in the expression of 8,7

1 _ ¢ 1-¢
B = Bata/3(a—pa) T Bt 43— 1a) (44a)
1 ¢ 1—-¢
btH pa+ B mtH (4.40)
where
_ 98 —4u
H—”6ﬂ+4p (4.4¢)

The model reduces to the simple model of Eq.4.3, if 44 and u, are zero. How-
“ever, we take the value of ug’ to be nonzero, implying that the droplet network
does support shear. These equations reflect the fact that the longitudinal elastic
modulus is modified by the shear modulus, because the system reacts elastically
in response to an applied strain rate.

To solve these equations, there are four fitting parameters, which are those
describing the pure AOT droplet phase, 8, 84, p; and pl. The effective elastic
modulus, B, in eq.4.4 is calculated by recasting those equations into a polynomial
equation in pu,

2pt + M3p® + Map® + Myp+ Mo =0 (4.4')

where M; (i=0,1,2,3) are coefficients determined by @, fB,, po and the fitting
parameters 84 and u4. The roots of eq.4.4’ are Aetermined, and the proper root
is chosen by ensuring that both u’ and u' are positive. We then calculate 8 from
eq. (4.4a), and finally determine v and Av from eq. (4.1).

We use a nonlinear least squares routine to find the optimal values of the

fitting parameters to compare with the volume fraction dependent data, v(¢) and
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Av(@). Since the measurements of the sound velocity are much more reliable than
those of the sound damping, we give a larger weight, by a factor of 5, to v(¢) than
Av(#). We find that the fitting procedure is robust, and is relatively insensitive
to the choice of initial values for the fitting parameters. Finally, since the effective
medium theory assumes that both components in the system are space filling, while
hard spheres cannot fill space, we have multiplied g by .64, corresponding to the
volume fraction for random close packing of spheres.1°

The fitting parameters of B3 and p4 in micelles represent the elastic constants
of AOT micelles configured as networks of droplets. For the microemulsions,
the parameters $3 and ug describe the behavior of the droplet phase, which is
comprised of both water cores and the surfactant shells that separate the water
from the oil. The additional rigidity must arise from the surfactant shells. Thus,
it is interesting to know the elastic behavior for the pure AOT configured as the
shells of the droplets, and to understand the contribution of this behavior to the
Ba and the pug4.

We use a coated sphere model to determine the contribution of the shells.
This assumes the dispersed inclusions do not touch to each other; instead they are
taken as coated grains dispersed in the matrix material. Thus the basic unit is a
coated grain, or a water droplet coated by a surfactant layer. Using the subscript

A to characterize the AOT surfactant shell, and W to characterize the water core,

the calculations of B4 and p4 from the coated sphere model are given by

_ Bal4(ia — pw) + 36wl 4 .
P4 = [lan— ww) + 36w](1—9) + 390a _ 344~ Hd) (4.50)
Cl(pa — pd)® +C2(ua — pd) +C3=0 (4.5b)

Where the coefficients C1, C2 and C3 are coefficients determined by elastic prop-
erties of AOT shells and water cores, 84, 4, Sw and uw, as well as the volume

fraction, g, of water in AOT. In fact, B4 and uq4 are determined from the sym-
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metric model, then 84 and u,4 are fitting parameters in eq.(4.5). The elastic
properties of water are known from either the literature!® or our measurements.
From the sound velocity measurements, Bw' = vw2pw, and Bw" = (Avw)?pw.
Since water has no shear, we set uw’ = 0; also uw" = fwnw, where nw = 1 cp.
We find that the elastic modulus for the AOT shells is ~ 2 x 10° N/m?, while the
shear modulus is ~ 9 x 108 N/m?2. Thus, the rigidity of the droplets is due to the
contribution of the AOT shells since the water cores have no shear modulus and

have a larger compressibility.

4.3 Experiment

The micelle and microemulsion systems are composed of spherical droplets
dispersed in the continuous phase consisting of an alkane. We use AOT surfactant
from Fluka without further purification, while the solvents, including decane, hex-
ane, hexadecane are all Gold label. The droplet volume fraction is determined by
the composition of each component. Each material is added by weight and then
converted to volume fraction using the bulk densities with the assumption that
there is no penetration of the oil within surfactant tails. In fact, there is some
penetration of the oil into surfactant tails, which makes the actual values of @ less
well defined due to the uncertainty of the real volume for a droplet.

In the micelles, 22 AOT molecules aggregate to form each spherical droplet.2
In the microemulsions, the number of AOT molecules in each droplet varies with
the size of the droplet and the amount of water added. For example, there are
about 500 AOT molecules in each droplet when the radius is 50 A.2 The sizes
of microemulsions we have studied are 25 A, 45 A and 75 A in radius, which
correspond to [H,0]/[AOT] of 8, 25 and 41, respectively.

The determination of the speed of sound by Brillouin scattering experiments

requires a knowledge of the scattering wave vector, ¢ = 1}'1 sin(0/2), where 0 is
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the scattering angle, and n is the index of refraction of the system. The index of
refraction is measured by a refractometer for each diluted sample at a uncertainty
of £0.001. The measurement result of the g-dependence of n for AOT micelles in
decane is shown in Fig. 4.1. We find that the variation of n with ¢ is linear, and
that the experimental data can be fit using a formula, n(¢) = (1—¢)n,+¢n4, where
n,=1.4113 is the measured index of refraction for pure oil solvent, and ng = 1.448
is the fitting parameter for pure AOT micelles phase. We also find that this value
of n4 can fit the rest of results of n(g) for all other samples. This indicates that the
optical quantities in this two-phases system can be perfectly described by effective
medium theory.

We have used both Brillouin scattering and ultrasonic techniques to measure
the sound velocity from the micelle and microemulsion systems. Brillouin scatter-
ing allows us to measure sound velocities in the frequency range of 10° Hz, while
ultrasonic techniques probe the velocities in the frequency range of 106 Hz. If the
system has relaxation processes for which 7=! is of order of MHz-GHz, we then can
investigate this relaxation phenomenon by performing these experiments. On the
other hand, if 7,"! is not in the frequency range measured, there is no frequency

dispersion observed in the sound velocity. .

4.4 Results and Discussion

In the last chapter, a detailed discussion of the sound propagation of AOT
micelles in decane was presented, as well as the physical picture of dynamic rigidity
percolation in the system.” In this section, those results will be extended by
changing the chain length of the hydrocarbon solvent, or by adding water to form
microemulsions. We will show that the variation of the interactions between the
droplets due to the use of different solvents or variation in the size of the droplets

results in different frequency dependencies of the speed of sound, and thus different
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4.1 Index of refraction of the AOT/decane micelle and AOT/decane/water mi-
croemulsion systems as a function of droplet volume fraction. The solid line

is a fit using n = (1 — @)n, + ¢nq with ng = 1.448, and n, = 1.4113.
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4.2 Velocity of sound in AOT inverted micelles as a function of volume fraction for
several different solvents, hexane (Cg), decane (Cyo) and hexadecane (Cjg).

Ultrasonic measurements were used to obtain the 2 MHz and 15 MHz‘data;
Brillouin scattering was used to obtain the high frequency data. The solid

lines are the fits with the effective medium theory.
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viscoelastic behavior. We develop a self-consistent picture to account for all the

observations and describe the dynamics of the AOT /water/oil mixture.

In inverted micelles, the solid core formed by the close packed head groups
of AOT molecules is less compressible, or more rigid than the suspending fluid.
Thus, with increasing volume fraction of micelles, the sound velocity increases due
to the inherent rigidity of the micelles themselves. We illustrate this behavior
in Fig.4.2, which shows the ¢-dependence of v measured for micelles in differ-
ent solvents, hexane (C¢H)4), decane (C1oHaz) and hexadecane (CygHsq4), and
at different frequencies, obtained from both ultrasonic measurements (MHz) and
Brillouin scattering (GHz). These measurements allow us to probe the effects of
the different interaction energies between the droplets on the frequency dependence
of the elastic properties.

There are several things one can learn from Fig.4.2. The average sound
velocity changes with solvent, increasing as the alkane number in the solvent in-
creases. The amount of dispersion in frequency also changes substantially as the
chain length of the solution is increased. For hexane, there is no frequency disper-
sion of the sound velocity at all within the frequency range we measured. The
solid line through the hexane data is the fit using Eq.4.3, the simple model which
does not include any shear modulus. From the fit, we obtain the elastic constants
of the droplets, 'y ~ 9 x 108 N/m? and $"; ~ 4 x 10 N/m?. The absence of
a shear modulus implies that the relaxation time is very fast due to the smaller
interaction energy between droplets. Therefore, the critical frequency, f., for the
system is too large to be seen in our frequency range. |

As we increase the alkane number of the solvent by using decane, the data
exhibit a pronounced frequency dispersion for ¢ > 0.16. The larger interaction
energy between droplets in this system leads to the longer relaxation time 7.. For

the low frequency measurements, with w < 1/7., we use the isolated droplet model
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to describe the g-dependence of the velocity. The results are shown by the solid
line through the 2 MHz data. The use of this model to fit the data indicates
that there is no contribution from shear at low frequencies. By contrast, if we
apply the same model to the higher frequency data, we are unable to fit the data.
Instead, we must use the symmetric model which accounts for the contribution of a
shear modulus of the surfactant phase to the system. The solid lines through the
15 Mhz and 4 GHz data in Fig.4.2 are the results of the fit using the symmetric
model. The fit gives u’ ~ 108 N/m? at 5 GHz. The fitting parameters of 84
are 'y ~ 1.62 X 10° N/m? at 2 MHz increasing to ~ 1.98 x 10° N/m? at 5 GHz,
and §"; ~ 6. x 10 N/m? at 2 MHz increasing to ~ 7. x 107 N/m? at 5 GHz.
In addition, the frequency dependence of the shear modulus, u!;, has a Debye
relaxation form, which was shown in Fig.3.2. Finally, the imaginary part of ug
varies from 10° to 107 N/m? within the measured frequency range. The increase
of B, as frequency indicates that the stiffness in the droplet phase increases due to
the formation of random networks, which contribute an additional shear modulus,
B

When we further increase the alkane number of the solvent using hexadecane,
a larger velocity dispersion in frequency is seen in Fig.4.2. In this case, however,
the dispersion exists for all volume fractions. Indeed, even the hexadecane itself
(2=0) exhibits a slight frequency dispersion. To fit these data, we must use the
symmetric model at all frequencies. We find that g4 increases from =~ 2 x 108
N/m? at 2 MHz to 2.2x10% N/m? at 5 GHz, which means that the aggregation of
droplets starts at the lowest frequencies that we measured. The fitting parameter,
B, increases from 1.97 x 10° to 2.02 x 10° N/m? as the frequency increases from
2 MHz to 5 GHz, and the imaginary part of the shear modulus, x4/, increases from
1 x 10® N/m? to 3x10° N/m? from 2 MHz to 5 GHZ.

The data for all solvents exhibit a velocity dispersion in volume fraction, ¢,



58

which reflects the fact that the droplet phase is more rigid than the solvent phase.
By contrast, the average density increases as the AOT concentration is increased,
which would tend to decrease the sound velocity. Thus the consequences of the
density are not as important as those of the modulus in determining the sound
velocity.

The observed variation of the frequency dependencies of the sound velocity on
different oil solvents reveals a fact that the viscoelastic behavior of the micelles is
directly related to the characteristic of the oil used. However, it is not simply the
viscosity of the oil, as might be expected since the Brownian diffusion coefficient
is inversely proportional to the viscosity. The viscosity for hexane, decane and
hexadecane are 0.7, 1.3 and 3.1 cp, respectively;!! while the frequency, f., shifts
from micelles in decane to hexane by an order of magnitude, and from decane to
hexadecane by even more than a order of magnitude. The experimental results
indicate that the dynamics reflect the microstructural interaction time, rather than
merely a Brownian diffusion time.

Another way to vary the interaction energy, and hence 7., is to change the size
of droplets by swelling them with water to form microemulsions. This increases
the radius of curvature, and thereby increases the area of overlapping tails for
two interacting droplets, leading to an increase in the interaction energy. To
study these effects, we show in Fig.4.3, the results of v as a function of ¢ for
microemulsions in decane with three different sizes, 25 A, 45 A, and 75 A in
radius. They are obtained at 5 GHz using Brillouin scattering. The velocities for
three systems' increase with g. The lines through the data represent the results
of fits using effective medium theory. For the two microemulsions with smaller
sizes, the fits must use the symmetric model, which includes the shear modulus due
to networks formed by the microemulsion phase. The values of u} from fits are

~ 1.5 x 10® and 1.0 x 10® N/m? for the 25 and 45 A radius samples, respectively.
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4.3 The velocity of sound for AOT /decane/water microemulsions of different sizes

as a function of volume fraction. The solid lines represent fits to the effective

medium theory.
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By contrast, for microemulsions with 75 A radius, the fit requires the simple model
without shear. These results suggest that the interaction between microemulsions
due to the entanglement of tails again leads to the formation of networks at high
frequencies. For microemulsions with small size, the shear modulus results an
increase of the longitudinal elastic modulus, 8. However, as the microemulsion
droplets grow in diameter, the increasing volume of water as compared to surfac-
tants reduces the intrinsic rigidity of droplets themselves. Thus the shear modulus
decreases as the droplet size grows.

We also investigate the frequency dispersion of the sound velocity in mi-
croemulsions by measuring the dependence of v on ¢ using ultrasonics from 2
MHz to 30 MHz. Virtually no additional frequency dispersion is observed for any
of these microemulsion samples, which suggests that the increased contact area,
resulting from the larger radius of curvature of microemulsions, causes the inter-
action energy to increase. Thus 7. is increased, so that f >> 7,1 for all the
frequencies used.

To confirm this picture, we can exploit the behavior observed for the micelles,
and change the interaction energy by varying the chain length of the hydrocar-
bon solvent. In order to bring the frequency dispersion into an experimentally
accessible region, we must decrease the interaction energy between droplets, which
requires the use of a solvent with a shorter chain length. Thus we repeat the
measurements for the 25 A radius microemulsions using hexane as the solvent. As
expected, considerable additional frequency dispersion is indeed observed. This
is illustrated in Fig.4.4, where we show the sound velocity as a function of droplet
volume fraction ¢ measured in three different frequencies. The data in MHz regime
are measured using ultrasonic techniques, and the data in GHz regime are using
Brillouin scattering. A similar frequency dispersion with velocity, as seen in the

micelles in decane, also appears here. The effective medium theory fit to the 2
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4.4 Velocity of sound in AOT /hexadecane/water microemulsions as a function of
volume fraction for different frequencies. The droplet sizes are 25 A in radius.

The solid lines represent fits to effective medium theory.
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MHz data results in a shear modulus near zero for the microemulsion phase. By
contrast, the fits to the data at highest frequency yield a shear modulus, ug =~
1.8x 108 N/m?2. In fig.4.5 we plot the velocity as a function of frequency for several
different volume fractions. The behavior is again similar to that observed in Fig.
3.2 for the AOT micelles in decane: an additional increase in v as the frequency
increases, with the asymptotic values approached at both high and low frequencies.
Furthermore, the increase in v is larger for higher droplet volume fractions. The
solid line are fits to a Debye model with a single rela.xatiop time, 7, ~ 10~ sec.
These results confirm the physical picture of a transition of the surfactant phase
from a viscous liquid behavior to a elastic behavior at high frequency, due to the
short-lived random networks formed by droplets.

Since the behavior of 25 A radius microemulsion in hexane is very similar to
that seen for micelles in decane, we can a.iso look for a scaling behavior indicative of
dynamic rigidity percolation. Thus in Fig. 4.6, we plot the increase in 8’ between
low and high frequencies, Af’, as a function of ¢ — ¢, on a logarithmic scale. The
scaling behavior is again observed. The solid line is a fit to AB’ ~ (¢ — ¢)”, where
we obtain ¢, =~ .15 and 7 = 2.5. Both parameters are in excellent accord with the
scaling behavior of the micelle data shown in Fig.3.3. Thus we successfully observe
a dynamic rigidity percolation for the microemulsion system as well, provided we

adjust the solvent to bring 7. into a measurable range.

4.5 Spectral Fitting

The Brillouin spectral distribution is derived from thermodynamics and hydro-
dynamics, since the density fluctuations, which scatter the light, involve collective
motions of large numbers of molecules. For simple liquids, the spectrum is a sum
of Lorentzian peaks as is discussed in chapter 1. However, for molecular fluids, an

additional prominent continuous background is found between the Rayleigh and
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volume fraction of droplets, which shows the critical behavior of the shear
modulus contribution at high frequencies in microemulsions in hexane. The

solid lines are calculations of (¢ — ¢)® with ¢ = 2.5, and ¢, = 0.15.



65

the Brillouin doublet.!3 A typical spectrum is shown in Fig.1.2 for CCly. The
interpretation is that the molecular internal degree of freedoms couples to the
translational motion, and thus contribute to the scattered light.14 Therefore, the
Rayleigh and Brillouin peaks are no longer Lorentzian in shape. Furthermore,
the theory must account for the dynamics of the molecular relaxation, and the
additional intensity in the spectra between the Rayleigh and Brillouin peaks.

The Brillouin spectra of micelles and microemulsions in our experiments also
show significant intensity in the region between the Rayleigh and Brillouin peaks.
We might expect the relaxation of the extended networks to produce this broad
background in a analogous to the molecular relaxation of simpler molecules. To
‘test this hypothesis, we have employed Mountain’s formulal® to compare to our
measured spectra. Excellent results are oi)tained, both for the shape of spectra
and for the fitting parameters which describe the dynamics of structural relaxation
process.

In 1966, Mountain developed a generalized hydrodynamic theory!4 to describe
the Brillouin spectra of viscous fluids, in which the structural relaxation plays a
important role. He proposed a molecular relaxation model by modifying shear and
bulk viscosities with additional relaxation mechanisms, and deduced a frequency

dependent bulk viscosity, ny (w), given by!5:16

(3 = *(@))r s)

nv(w) =nv + 14 twr

where ny is the center-of-mass part of the bulk viscosity at constant volume, V',
and is frequency independent; 7 is the relaxation time, and v, is the sound veloc-
ity in the high frequency limit. The frequency dependence of ny (w) is such that
for w small compared to the relaxation rate 1/, n(w) — nv + [v3, — v*(w)]r; for
frequencies large compared with 1/7, ny (w) — ny. Thus, ny (w) describes the dy-

namics of the molecular relaxation process in the viscosity. Based on the classical
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hydrodynamics which yields the Brillouin spectra for simple fluids, Mountain then

applied the new concept to calculate the spectra for viscous fluids. The intensity

distribution, for constant ¢, is given by 15,16

Ny (w) Dy (w) + Na(w)Dz(w)
D*(w) + Dy*(w) @7

I(w) = const.
where

Ni(w) = —w? + yDpDyg* + v2¢*(1 — 1/7) + (YDrb'1¢* + b'1w3¢?7) /(1 + w?7?)
(4.7a)
N3(w) = w[yDrg*+Dy ¢*+(b'1¢* +9Drb'17¢*) /(1 +w?r?)) (4.70)
Dy(w) = ~w*(1Drg® + Dy *) + v*¢* Dr + (YDrb 1w — b'10%¢?) /(1 + w?r?)
(4.7¢)
Dz(w) = w[—w?+v2¢®+vDr Dy ¢+ (V' 1¢*wir+4Drbd'1¢%) [ (1+w?7?)) (4.74d)

and where
(Voo? — v3)r
p

In these equations, Dr is the thermal diffusivity, Dy = #;/p, is the longitudinal

by =

kinematic viscosity, and 4y is the Landau-Placzek ratio.

The exact expression for the Brillouin spectrum with the structural relaxation
involved in Eq. 4.7 is simplified under the condition of small viscosity, such that
Dyg? << w(g), where w(qg) is the frequency of the Brillouin shift. Then the
spectrum is comprised of three Lorentzian peaks: the first is the Rayleigh peak,
the second is the pair of Brillouin peaks, while the third is a broad Mountain peak
centered at zero frequency.!” The width of the Rayleigh peak depends on the
thermal diffusivity, Dy = 527, where A is the thermal conductivity, and Cp is the
specific head at constant pressure. The Brillouin doublet has a frequency shift
|w| = vg, and the width depends on the longitudinal viscosity, ;. The width of

the Mountain peak depends on the structural relaxation time, 7—1.
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We have convoluted these equations with the instrumental response function
in Eq. 2.1a to calculate the spectra observed. In our calculations, those known
constants are: the average density p, and the average sound velocity v measured
from experiments. The velocity v is measured from the frequency shift of the
Brillouin peaks. In fact, we have also tried to fit the spectra using v as a fitting
parameter. We find that the influence of the Mountain peak on the position of the
Brillouin peaks does not result a significant difference between the measured v and
the fitting parameter of v. The Mountain peak is sensitive to both the relaxation
time, 7, and the ratio of v/ve. If both v and vo, are used as fitting parameters,
unreliable values are obtained for these parametrs as well as 7. To avoid this,
we fix the value of v using the maximum of the Brillouin peaks. Thus the fitting
parameters are: Dr, Dy, 7, 7, v and the intensity normalization constant.

The fits to the spectra using Eq. 4.7 for micelles in hexane, decane, and
hexadecane are shown in Fig.4.7, for =0.5, and measured at § = 90°. There is an
additional continuous background, between the Rayleigh peak and Brillouin peaks,
when compared with the spectrum for simple liquid shown in Fig.1.1 of chapter
1. This additional central peak is due to the coupling between the translational
and the structural rearrangement motion associated with the relaxation behavior
of the dynamic viscosity.

We find that the shape of the spectrum is sensitive to each of fitting param-
eters, but their effects can be distinguished. The width of the Reyleigh peak is
determined by Drg?; since the measured width is close to the limit of the resolu-
tion of the interferometer, we are unable to precisely determine the value of Dr.
It is on the order of 10~3 cm?/sec, which is the same order of magnitude as Dy
determined for decane or CCly.

The width of the Brillouin peak is determined by D,q%. For simple liquids,

the width of the Brillouin peak is expected to increase with increasing viscosity
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4.7 Brillouin spectra of AOT micelles for several different solvents, hexane (Cs),
decane (C1o) and hexadecane (Cy¢) at $=0.5. The solid lines are the theo-
retical spectra calculated from Eq. (4.7). The scattering angle is 90°.
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since Dy = n;/p. However, for viscoelastic fluids, both the shear and the bulk
viscosities are frequency dependent,  ~ i%—fg;;,“ where w is the frequency shift
of Brillouin peaks. The width of the Brillouin peaks will reflect the structural
relaxations in the fluid. When w7 < 1, the width of the Brillouin peak is pro-
portional to 7 since n ~ 7; while when w7 > 1, the width of the Brillouin peak
is proportional to ;%—r, which means the width becomes narrower as 7 is larger in
this regime. For micelles in decane, we have measured both the static shear vis-
cosify, using a viscosimeter, and the width of the Brillouin peak. From the static
measurements, we find that 5, increases from .78 cp for pure decane up to 17.6 cp
for micelles at g=0.5; while from the Brillouin scattering, the Dy increases by less
than an order of magnitude from low to high volume fraction: Dy =~ 2.3 x 10~2
cm?/sec for decane while Dy ~ 1.1 x 10! cm?/sec at ¢ = 0.5. For decane, the
structural relaxation time is ~ 1 x 10~1° sec from our spectral fitting, which means
the measured width is ox 7 even at w = 4 GHz. However, for the micelles in decane
at $=0.5, 7 ~ 10~8 gec. Therefore; at GHz frequency regime where wr > 1, the
width of the Brillouin peak is on the same order as the width of decane at GHz

frequency regime.

The prominent background induced by the relaxation mechanism in the spec-
trum depends on the relaxation time, 7, and the velocity ratio, v/vo. For mi-
celles in decane and microemulsions in hexane, where continuous backgrounds
are observed, the values of 7 obtained from fits are 7¢,, =~ 1.4 X 10~8 sec and
Tce = 2.4 X 1078 gec. These are in excellent agreement with the values of 7
obtained from the measured frequency dispersion of the velocity fit to a single re-
laxation time Debye behavior. In addition, the values of v., obtained from the
spectral fitting of the two systems are also consistent with those obtained from
measured frequency dispersions: the fits to the spectra give vo, =~ 1309 m/sec

for micelles in decane at ¢ = 0.5, and vo =~ 1140 m/sec for the 25 A radius mi-
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croemulsions in hexane with ¢ = 0.5. The values are in excellent agreement with
the values of 1298 m/sec in Fig.3.2 for the micelles and of 1138 m/sec in Fig.4.5 for
the microemulsions. When wr > 1, the Mountain Peak becomes very narrow and
can not be distinguished from the Rayleigh peak. Thus for micelles in hexadecane,
where 7 > 10~7 sec compared with micelles in decane, we do not see a Mountain
peak. In addition, for 75 A radius microemulsions in decane, when the swollen
water cores reduce the rigidity of the droplet phase, there is no contribution of
the microemulsion structures, and the spectra are again similar to those of simple
fluids where we do not see a Mountain peak.

The Landau-Placzek ratio, v — 1, is the intensity ratio of the Rayleigh peak
to the Brillouin doublet, as explained and derived in chapter 1. As a fitting
parameter, we find v ~ 1.2 for decane, consisted with v = 1.219 measured for
n-hexadecane by Patterson et al.!® We find that ~ increases up to 1.8 at high @ in
micelle systems. However, the values of 4 obtained from the fits to the spectra
of microemulsion systems, at larger droplet sizes and higher ¢, are as large as 10.
This is due to a strong Rayleigh scattering in the system. Similar behavior has
been found in polymer fluids2, where the intensity ratio of the central peak to the
Brillouin doublet is often much greater than unity.

We also attempted to apply a binary mixture model to fit our spectra. The
binary mixture model accounts for additional concentration fluctuations which
contribute to the density fluctuations. Thus the central component consists of a
superposition of two peaks, one resulting from entropic fluctuations, and the other
from concentration fluctuations. We find that this model can not adequately
describe our results. The calculated Rayleigh peak from the model is too broad
to fit our spectrum, which implies that concentration fluctuations do not play an

important role in these microemulsion systems.

In summary, the spectral fitting using Mountain’s relaxation model is very
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successful. The coupling between the translation and structural rearrangement
motions leads to a new nonpropagating mode, with a width on the order of 1/7.116
For the micelle and microemulsion systems, the parameter 7 reflects the dynamic
structure relaxation in the system. In addition, the relaxation time, 7, and high
frequency sound velocity, vo,, from the spectral fitting are consistent with those
given by the Debye relaxation model fit to the measured frequency dispersion of
the sound velocity. Finally, the computed curves are in good agreement with most

of the measured spectra.

4.6 Relaxation of Surfactant Molecules

In this section we discuss an additional dramatic frequency dispersion of the
sound velocity found in all the micelle and microemulsion systems. Near the back-
ward scattering configurations, we find that the sound velocity increases rapidly
within a very short frequency range, regardless of solvents and droplet sizes. We
interpret this behavior as a further relaxation process of the surfactant tails them-
selves.

The experimental results are shown in Fig.4.8, where we plot the dependence
of v on frequency for micelles and for three sizes of microemulsions, with radii
25 A, 45 A and 75 A, all at =0.5 and all in decane. The data are obtained
by varying the scattering angle from 30° to nearly 180°, using an Ar™ laser at
5145 A, except for the last data point for each system, which is obtained with
the 4880 A blue line at nearly 1800. The velocity, v, for each system, increases
dramatically, by as much as 5%, when the frequency varies from 5GHz to 8 GHz.
Furthermore, this additional frequency dispersion of v is observed in all AOT
micelle and microemulsion systems, regardless of the size of the droplets or the
solvent used. These results imply a further relaxation process, which results the

increase in the stiffness of the mixture at higher frequency.
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4.8 Additional frequency dispersion of sound velocity for AOT micelle and mi-

croemulsions in decane at ¢ = 0.5, indicating a relaxation of the tails of the
AOT molecules themselves.
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We interpret this behavior as arising from the additional relaxation of the surfac-
tant tails, since it is independent of the solvent and the droplet size. Thus, there
is an additional characteristic time, 74, corresponding to some form of motion of
the tails. The inverse of the relaxation time is slightly above 5 GHz. When the
period of sound wave is shorter than 7,, at higher frequency, there is no enough
time for this tail motion to relax, and the system appears stiffer, increasing the
velocity of sound. This additional molecular internal degree of freedom may also
contribute to the stiffness of the extended networks formed by the droplets. To
examine this possibility, in Fig.4.9, we plot the increase in the elastic modulus
from 1 GHz, which is the plateau of the single Debye relaxation, as a function
of ¢ — ¢, for the micelles in decane. Unlike the previous dispersion observed at
lower frequencies, we are unable to reach the asymptotic value of v at the highest
frequencies. Thus we chose the value measured at the highest angle we can achieve.
In Fig.4.9, we again find that the data exhibits a power-la.w scaling. As before,
the data are well described by Af’' ~ (¢ — ¢)7, with ¢, ~ 0.16 and 7 ~ 2.5,
in excellent agreement with the previous value. This implies that the additional
rigidity contributed by the “frozen” surfactant at high frequency also contributes
to percolating networks. At higher g, there are more AOT molecules in the system
to contribute to the enhancement of the elastic modulus, making it a function of
droplet volume fraction.

The experimental results of the frequency dependence of elastic behaviors
reveal a fact that these micelles and microemulsions phases involve more than one
structural relaxation processes. These relaxations contribute in different time

scales, and thus these systems exhibit a rich viscoelastic behavior.

4.7 Conclusion

In summary, we have measured the frequency dependence of the sound velocity
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in micelle and microemulsion systems at varying droplet concentrations. The
velocity dispersion arises from the formation of short lived, long range structures
due to the weak attractive interaction between droplets. The frequency dispersion
is well described by a D;.bye relaxation model with a single relaxation time, with
7 ~ 1078 gec. The relaxation time varies with the interaction energy, which can
be changed by using different solvents and by changing the sizes of the droplets.
The larger the alkane number of the solvent, or the larger the size of the droplet,

the larger the interaction energy, and hence the longer the relaxation time.

In addition, the observed increase in the elastic modulus at high frequency has
a power-law _scaling with the droplet volume fraction, which sugéests a dynamic
rigidity percolation. The scaling exponent is ¢ ~ 2.5, and the volume fraction
threshold is g~ 0.16 for both the micelle and the microemulsion systems. The
same scaling behavior in both systems provides a consistent picture of the dynamics

in each system.

The effective medium approach to the sound velocity as a function of droplet
volume fraction enables us to determine the contribution of the shear modulus
of the droplet networks to the total elastic modulus. In addition, the frequency
dependence of the shear modulus for rigid droplet phase given by the fitting shows
a Debye relaxation form, which behaves the same as the measured sound veloc-
ity, Therefore, effective medium theory provides a self-consistent picture on the

description of the structural dynamics of the micelle and microemulsion systems.

Finally, the fits of the spectra using Mountain’s formula is successful for both
the micelles and the microemulsions. The contribution of the dynamics of the
structural rearrangements to the observed intensity distribution is very well de-
scribed in terms of the dynamics of frequency dependent viscosities. Both the

relaxation time, 7, and the high frequency limit of v, vy, are given by the fitting
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process and are consistent with those given by the Debye relaxation model.
Therefore, we conclude that the study of sound propa.gatioh in AOT micelles
and microemulsions provides a fundamental understanding of the viscoelastic be-
havior in complex fluids. When the length scale of microstructures is small com-
pared with that of probing waves, an effective medium approach can be used to
describe the effective elastic modulus; the frequency dependence of the sound veloc-
ity indicates a dynamic relaxation, accounting for the dynamics of microstructural

rearrangements, as well as the compressibility of each phase in the system.
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Chapter §

SOUND PROPAGATION IN
A QUATERNARY MICROEMULSION

5.1 Introduction

We have demonstrated in the foregoing chapters that sound wave propagation
in complex fluids is strongly modified by the dispersed phase and its properties,
including the size, and rigidity of the droplets and the interaction between them.
Given a complex fluid system with a known thermodynamic structure, we can study
its dynamics by probing the sound wave propagation as a function of frequency
and droplet volume fraction. For AOT micelles and microemulsions, we found a
pronounced viscoelastic behavior. This behavior is a result of dynamic rigidity
percolation of droplets due to the formation of extended networks caused by the
weak attractive interaction. Also, when we change the interaction energy by
varying the solvent or the size of droplets, there is a corresponding change in
the characteristic relaxation time. Therefore, measurements performed on time
scales characterizing the lifetime of clusters in the complex fluid allow us to probe
the contribution of these structures to the elastic behavior of the system. In
this chapter, we continue the investigation of the modification of sound waves
in another microemulsion system formed with the surfactant polyoxyethylene-10-
oleyl-ether (Brij-96): Brij-96/butanol/hexadecane in D20 or H0. In this system,
the repulsive interaction between droplets is dominant.

This four-component microemulsion system? consists of oil droplets in a con-
tinuous aqueous phase. The Brij molecules are the surfactant while the alcohol is
a cosurfactant, which makes the interface more flexible. The cosurfactant is also
needed to solubilize appreciable amounts of the surfactant component in the oil.

The droplet phase has a weight fraction of Brij-96, butanol and hexadecane of .591,



79

.309 and .100, respectively. All components are mixed initially to form a homoge-
neous, clear solution, and then diluted with water to the desired volume fraction
of dispersed phase, ¢. This system is also thermodynamically stable like other
common microemulsion systems.! From dynamic light scattering results and other
experimental data,!»? it was found that when ¢ < 0.21, the droplets are spherical
with size ~ 50 A in radius, while when g > 0.21, it is unclear whether or not the

droplets are still spherical.

This system is a normal microemulsion, in which water is the continuous phase
and the oil is inside the droplets. Thus the surfactant tails, as well as the cosur-
factant tails, face inward, toward the droplet oil core; while the surfactant heads
are on the interfaces facing toward the water. Consequently, the short range at-
tractive interaction, induced by the overlapping of the surfactant molecular tails,
can not exist here. Indeed, previous measurements? indicate that the dominant
interaction between droplets in this four-cbmponent system is a repulsive Coulom-
bic interaction. Thus, we do not expect the droplets in this system to form any
extended network that support shear. Therefore, the behavior should be markedly

different from that found in AOT systems.

We again use both ultrasonic and Brillouin scattering techniques to measure
tl;e sound velocity as a function of frequency and volume fraction of the dispersed
phase in the syétem. In all frequency ranges, we find that the sound velocity
increases quickly when ¢ < 0.15, and then reaches a plateau. When H;O is used
as the continuous phase, we find that as ¢ increases further, v decreases. This
behavior is markedly different from what we have found in the AOT microemul-
sions. However, this behavior is strikingly similar to that of a binary mixture of
alcohol and water, where the souhd velocity has a maximum at a critical alcohol
concentration.3* There is a strong interaction, in an aqueous solution of alcohol,

between water and alcohol molecules within certain alcohol concentrations. This
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leads to a reduction in the total compressibility of the mixture, and thus to an in-
crease in the velocity of sound. The analogy between the behavior that we observe
in the four component microemulsion system and that observed in a binary water-
alcohol mixture is striking; it is the only reasonable explanation for the behavior
that we observe. The consequences are that our measurements have important
implications about the structure of the microemulsion system, and the arrange-
ment of the constituent molecules, which are not obtained from other structural
probe.

Since the experimental techniques have been discussed in the foregoing chap-
ters, the experimental results will be presented in next section, including different
modifications of the system by changing the core size of droplets, adding ionic
charge to the system, and replacing the aqueous continuous phase with D20 in-
stead of H2O. Due to the complicated nature of the structure in the system, we

can only propose some qualitative interpretations for our observations without a

detailed theory.

5.2 Results and Discussion

The behavior of the sound velocity as a function of droplet volume fraction
in Brij-96/butanol/hexadecane in H,O microemulsions is plotted in Fig.5.1. The
low frequency data are measured using ultrasonic techniques, while the highest
frequency data are measured with Brillouin scattering. The most unusual feature
is the velocity dispersion in ¢ for each frequency: v increases quickly and reaches
a maximum around ¢ = 0.2, and then decreases as @ increases further. The
maximum velocity for each frequency is higher than the velocity of three pure
components; for butanol, v = 1315 m/sec, for H0, v = 1483 m/sec, and for
hexadecane, v = 1340 m/sec. The observed behavior of the velocity is not caused

solely by the variation of the average density, p, which decreases linearly as ¢
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5.1 The velocity of sound in Brij-96/butanol/hexadecane/H;0 microemulsions

as a function of volume fraction, measured at different frequencies. The
MHz data are obtained using ultrasonic measurements, and the GHz data are

measured using Brillouin scattering.
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increases,? and thus would result in a linear increase of v with g, rather than the
behavior observed.

We find a strong analogy in the sound velocity dispersion in g between our
microemulsion system and a water-alcohol binary mixture. In Fig.5.2,2 we show
the dependencies of both v and 8 on the concentration of an aqueous solution of
methyl alcohol, where g is the average elastic constant. This aqueous solution of
alcohol exhibits an unusual behavior in which the sound velocity has a maximum
which is larger than the velocity of any single phase in the system. This behavior
is quite generally observed for water alcohol mixtures. It is believed that this
behavior is due to the unique structural properties of water and the ability of the
alcohol solute to promote such structural effects.* Each water molecule in the
alcohol solution is hydrogén bonded to three or four neighbors, which tend to form
a tetrahedral "iceberg” structure.® The alcohol molecules fill and promote these
cé.ge-like structures of water molecules. These structures induce an unusual behav-
ior in the adiabatic compressibility, which is responsible for the observed behavior
of the sound velocity.#® The critical concentration of alcohol in water where the
velocity maximum is defined depends on the solubility and temperature. There-
fore, if the alcohol has a limited solubility in water at constant T, the enhanced
elastic constant relaxes at higher g, and v decreases.

To elucidate the contribution of a butanol-water interaction to the elastic
behavior in our microemulsion system, we measure the sound velocity in a butanol-
H20 binary mixture. In Fig.5.3, we plot v as a function of butanol concentration
in both the butanol-water binary and the microemulsion system. In the binary
mixture, v increases linearly as the butanol concentration, g, increases when ¢ <

0.05; then v reaches a velocity maximum, v = 1535 m/sec at about ¢ =~ 0.09. The
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velocity maximum is larger than both the sound velocities of water, v = 1483
m/sec, and of butanol, v = 1315 m/sec. We find that the maximum solubility of
butanol in H,O is about 0.09. As more butanol is added to the mixture, a phase
separation occurs. In the microemulsion system, on the other hand, v increases
linearly at ¢ < 0.05, and then increases slowly to reach a maximum at ¢ = 0.09,
v = 1520 m/sec. As ¢ continues to increase, v is decreased. The similar veloc-
ity maximum observed in the microemulsion system suggests that the interaction
between butanol and water molecules is strong when the butanol concentration is
low, which reduces the compressibility of the solution due to the structural effect of
water-butanol complexes. The maximum solubility of the butanol in water results
the minimum compressibility of the solution, and thus causes the maximum veloc-
ity measured. However, due to the higher compressibility of the droplet phase,
the velocity decreases as ¢ increases after the maximum solubility of butanol in
water. Finally, the question remains uni:lear that where the alcohol molecules
stay at in the microemulsion system. According to the previous investigations,1:?
at low concentration of dispersed phase, the butanol molecules basically partici-
pate the formation of droplets, which means they are on the interfaces between
oil and water. It is also possible that some of the butanol molecules displace to
the continuous phase, and associate with water molecules directly, especially at
higher g. Nevertheless, we believe that the observed anomalous behavior of the
sound velocity in this microemulsion system is due to the association of alcohol-

water molecules, which increase the stiffness of the droplet phase, as is seen in

water-alcohol binary mixture.

The measurements of the sound velocity in different frequencies in alcohol-
water binary mixture, using either ultrasonic techniques or the light scattering,

indicate that there is a frequency dispersion of the sound velocity due to the struc-

4

tural relaxation of the system.®® The general interpretation for the frequency
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dispersion of v is that the clusters formed, due to the alcohol/water interaction,
have a characteristic relaxation time, and the dynamics of this structural relax-
ation leads to the frequency dependence of the observed elastic behavior of the
system. We also find a similar frequency dependence of the sound velocity in our
microemulsion system. As shown in Fig.5.1, there is a velocity dispersion in the
measured frequency regime of MHz-GHz using ultrasonic and Brillouin scattering
techniques. One of the obvious features there is that the velocity maximum moves
from ¢ ~ 0.2 at low fiequency to ¢ ~ 0.25 at high frequency. However, since
the system has a complicated structure, there might be more than one relaxation
processes, such as the droplet vibration, or the droplet-droplet interaction. Thus
it is hard to conclude from these data which relaxation process is responsible for
the observed frequency dispersion in v.

The measurement results from both the butanol-water binary and the qua-
ternary microemulsion systems strongly suggest that the molecular interaction
of butanol and H20 plays an important role in the elastic behavior of the sys-
tem. Since DO molecule has a stronger hydrogen bonding than H,O molecule,
as well as different density and elasticity, the replacement of H;O with D20 in
the microemulsion may results different elastic behavior, allowing us to study the
contribution of the hydrogen bonding to the structural correlation of the system.
Thus we perform the same measurements using the same dispersed phase while
replacing H,0 to D,O. We find that the two systems have very different behavior.
The behavior of the sound velocity as a function of ¢ at different frequencies for
the microemulsion in D20 is shown in Fig.5.4. When ¢ < 0.2, there is a similar
initial increase of v, then v reaches a maximum for each frequency. The velocity
maximum is higher than the velocities for D30, v = 1380 m/sec, and for both
the butanol and the hexadecane as well. When ¢ increases further, the velocity

remains constant. In addition, the frequency dependence of v occurs mainly at
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5.4 The velocity of sound in Brij-96/butanol/hexadecane/D,0 microemulsions as

a function of volume fraction for different frequencies. Ultrasonic measure-

ments were used to obtain the MHz data; Brillouin scattering was used to

obtain the high frequency data.
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high frequency, which means the relaxation frequency shifts to a higher frequency
compared with microemulsion in H;0. Also the volume fraction where the velocity
reaches its plateau level moves to ~ 0.3 at high frequency. Therefore, there is a
similar anomalous structural contribution to the elastic behavior due to the water-
alcohol interaction in this microemulsion system. However, due to the different
H-bonding of H20 and D20 to the butanol, the elastic behaviors are different. In
addition, the different frequency dependencies in two systems reflect the different
associations between butanol molecules and the two types of water molecules.

The measurements of the sound propagation in microemulsion in both H2O
and D20 indicate that the strong interaction between alcohol and water molecules
leads to the observed elastic behavior at low ¢g. It is still not clear how the droplet-
droplet interaction influences the sound propagation. In order to investigate the
modification of sound velocity by the interaction between droplet-droplet, we in-
troduced a small fraction of the charges to the system in order to enhance the
repulsive interaction between droplets.

We add some salt, sodium dodecyl(NaC12S50y), in a mole ratio of surfactant
to salt of 50:1 or 15:1, to the Brij-96/butanol/hexadecane/D;0 microemulsion
system. The introduced ionic interaction only enhances the repulsive potential
between droplets without affecting the structure of the dispersed phase.” The
comparison of the behavior of the sound velocity as a function of g, both with
and without the ionic charge, is shown in Fig. 5.5. The 3 MHz data are obtained
with ultrasonic measurements and the 5 GHz data are obtained with Brillouin
scattering. The elastié behavior of the ionic microemulsion is exactly the same as
the nonionic microemulsion, which is discussed in Fig.5.4. The results indicate that
the charges do not affect the elastic behavior of the nonionic system, even though
the ratio of surfactant to salt increases from 50:1 to 15:1. In AOT microemulsions,

the attractive interaction between droplets leads to the observed viscoelastic



89

o 5GHz,n ‘

°® SGHz.cc 8 Q . Q Q
+ 3MHz,nc 8

* 3MHz,c 8 -

c—
N
(0))

'~
N
!

~
N
1

v (km/sec)
5
®

‘].38* | L | |
0.0 0.1 0.2 0.3 0.4 0.5

?
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behavior due to the formed dynamic rigidity networks. The variation of the at-
tractive interaction changes the characteristic relaxation time, and thus changes
the viscoelastic behavior of the system. However, in this quaternary microemul-
sion, no rigidity network is formed due to the repulsive interaction. Therefore,
the enhanced repulsive interaction between the droplets does not modify the sound

propagation in the way that the attractive interaction does.

CONCLUSION

In summary, the study of sound propagation in the microemulsions of Brij-
96/butanol/hexadecane in water indicates that the elastic behavior is strongly
modified by association between the butanol and water molecules. This anoma-
lous structural effect of alcohol in water is frequency dependent. By introducing
a certain amount of charges in the system, the enhanced repulsive interactions
between droplets can not affect this unusual structure effect. In addition, the
replacement of the continuous phase, from H,0 to D20, in this microemulsion ex-
hibits a different elastic behavior, since the hydrogen bonding, the compressibility
and the density for the two aqueous phases are different.

Here we have once again demonstrated that the measurements of the sound
propagation in complex fluids provide insight into the contribution of structural
correlation to the elastic behavior of the system. The elastic behavior in these
quaternary microemulsions is similar to that observed in a water-alcohol binary
mixture, where the association complexes of alcohol and water molecules lead to a
elastic constant maximum at certain alcohol concentration. A further theoretical
investigation to the measurement results is needed in order to understand the

physics of our observations in this quaternary microemulsion.
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Chapter 6

PHONON DISPERSION IN SUSPENSIONS

OF HARD SPHERE COLLOIDS

Abstract

We use Brillouin scattering to measure the dispersion of the propagating acous-
tic modes in a suspension of hard sphere colloids. We find two distinct longitudinal
modes when the sound wavelength becomes comparable to the sphere diameter.
" The higher frequency mode has a velocity intermediate between those of the pure
solid and the pure liquid phases, and its velocity increases with increasing volume
fraction, ¢. The lower frequency mode has a velocity less than the velocities in ei-
ther the pure fluid or pure solid phases, and its velocity decreases with increasing ¢.
We interprt the higher frequency mode as a compressional wave which propagates
through both the solid and the fluid, as expected for a composite medium. The
lower frequency mode has not been observed before, and is interpreted as a sur-
face acoustic mode, which prpagates between adjacent spheres through a decaying

portion of the excitation in the fluid.

6.1 Introduction

The propagation of acoustic waves through a random, disordered material
is one of the most fundamental properties that characterize the medium. This
is particularly true of granular materials, where the structure and correlations
between the grains can have a profound effect on the propagation of acoustic waves.
One class of granular material whose acoustic properties have been widely studied
is porous media, comprised of solid and fluid phases. Their acoustic properties are
of immense practical importance because of their utility for seismic investigations

and other non-intrusive probes; they are also of great fundamental interest because
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of the rich variety of fascinating phenomena that have been observed. The complex
interplay between the acoustic frequency, sound wavelength and characteristic size
of the microstructure, as well as the presence of large interfacial areas and the
frequency dependence of the viscous coupling between the solid and the liquid,

lead to new mechanisms for the propagation of acoustic waves in these materials.

The structure and connectivity of the solid grains play a critical role in de-
termining the propagation of acoustic waves through these media. One of the
simplest and most fundamental structures consists of uniform solid spheres im-
mersed in a fluid!. The characteristics of this system are highly controllable, as
the grain size, solid volume fraction, acoustic wavelength and acoustic frequency
can all be independently varied. An example of such a structure is a hard sphere
colloid?®. This consists of a dispersion of monodisperse, solid spheres immersed in
a-fluid, interacting solely by the hard sphere repulsion due to the fact that two solid
spheres can not occupy the same volume.. In this paper, we present the results
of a study of the acoustic propagation through a hard sphere colloid®. We report
Brillouin scattering measurements of the thermally excited, propagating acoustic
modes, and present the dispersion curve for longitudinal phonons in a hard sphere
colloid. The behavior observed is surprising and unexpected. Since the continuous
phase is a fluid which can not support shear, there is no long range rigidity in this
medium. Thus, in the limit of long wavelength, it can be rigorously shown that
the medium can support only one propagating longitudinal acoustic wavet. This
behavior is widely expected to persist to shorter wavelengths!. In this paper, we
show that this is not the case. As the sound wavelength becomes comparable to
the sphere diameter, a new and unexpected mode appears which exhibits unususal

behavior. We suggest that this new excitation is a coupled interface mode.

The hard sphere colloids used here consist of monodisperse polymethylmetha-
crylate (PMMA) spheres, sterically stabilized by a thin layer of grafted polymer,
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with a thickness of about 156 nm. The colloidal particles are immersed in an
index-matching mixture of dodecane and carbon disulphide, eliminating multiple
scattering, even at the highest volume fractions. This makes it possible to use light
scattering techniques to study the structure and characteristics of these colloids,
even though the particle size is comparable to the wavelength of light. These hard
sphere colloids have been of great interest in their own right, as they exhibit a rich
phase behavior that possesses strong analogies to that of a simple, hard sphere
atomic system?. At low volume fractions, ¢, the colloidal particles behave as a
fluid, with short range correlations between the particles that are well characterized
by a liquid like structure factor. For larger volume fractions, ¢ > 0.49, the colloidal

particles form either a colloidal glass or a colloidal crystal.

We use static light scattering to determine the structural correlations of the
spheres by measuring the static structure factor, S(g), where g is the scattering
wavevector. We use Brillouin scattering to determine the frequency of the propa-
gating sound modes by measuring the dynamic structure factor, S(q,w). Brillouin
scattering probes the thermally excited propagating longitudinal acoustic waves in
the medium. A peak is observed in the Brillouin spectrum at a frequency corre-
sponding to a propagating sound wave whose wavelength, A, matches the inverse
scattering wavevector. By varying ¢, we can vary the size of the acoustic wave-
length relative to the sphere diameter, d, and we can measure the dispersion curves

for the longitudinal phonons in the suspension of hard sphere colloids.

At small ¢, when A > d, a single propagating sound mode is observed, and
the ¢-dependence of the sound velocity is well described by an effective medium
picture. However, as A becomes comparable to d, internal vibrational modes of the
spheres can be excited, and there is a qualitative change in the sound propagation,
when ¢ is greater than about 0.2. Two sound modes are observed. One mode has

a velocity that is intermediate between that in the pure solid phase and the pure
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fluid phase. Furthermore, the sound velocity of this mode increases with ¢. The
other mode has a velocity that is significantly lower than the slowest sound velocity
of any constituent pure phase in the medium. Furthermore, this velocity decreases
as ¢ increases. Wq suggest that this second mode reflects a surface or Stonely wave
that is coupled between the adjacent spheres by the decaying longitudinal portion

of the excitation in the fluid.

6.2 Experimental

The Brillouin scattering was performed using single-mode Ar* or Kr+ lasers
with wavelengths of 5145 Aor 6471 Arespectively. The spectra at a given g were
found to be independer;t of the laser wavelength. The colloids exhibit rather strong
self-focusing of the laser beam, which is considerably more pronounced in the green
than in the red. Thus the power incident on the sample was kept below about
100 mW, focused to a beam of about 100 um diameter. At all times, we ensured
that the incident power was sufficiently low as to not affect the spectra. The
scattered light was imaged onto a 150 um diameter pinhole and then collimated
into a Fabry-Perot interferometer. Despite the fact that the colloids were index
matched, the elastically scattered light was still about four orders of magnitude
more intense than the Brillouin peaks. Thus, to obtain sufficient rejection of the
intense Raleigh peak, and to increase the resolution, the Fabry-Perot interferometer
was operated in a five-pass configuration with a finesse of about 50.

We measure the velocity of the acoustic modes from the frequencies of the
peaks in the Brillouin spectra, v = w/q. By varying the scattering angle, we can
vary the scattering wavevector, ¢, enabling us to measure the dispersion relation
for the longitudinal phonons. Our Brillouin measurements are made at scattering
angles ranging from about 9° to 170°, corresponding to ¢ varying from .003 to .04

1

nm~". Since we are interested in the properties of the acoustic propagation as
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the sound wavelength changes with respect to the sphere size, the dimensionless
parameter of interest is gd. We extend the accessible range of ¢d by using spheres
of different sizes. The first sample consists of spheres which have diameters of 370
nm, including the grafted polymer layer. The core diameter, consisting of solid
PMMA, is then 340 nm, allowing data to be obtained for ¢d ranging from about
1 to 14. These spheres are most convenient for studying the spectra around the
peak in the static structure factor, which occurs near gd = 2r. The second sample
consists of spheres which have diameters of 680 nm, with core diameters of 650
nm, allowing data to be obtained for ¢d ranging from about 2 to 25. Thus, these
spheres are most convenient for studying the behavior as gd becomes much larger

than 2.

In addition to varying qd, we also obtain data for different values of the volume
fraction of the solids, ¢. This is determined from their phase behavior?. The
samples are gently centrifuged until the colloids sediment at the bottom of the
containers. We assume that the sediment is comprised of randomly close packed
spheres, with ¢. = 0.64, and use this as the highest volume fraction studied. For
the other samples, the heights of the sediment and the supernatent are measured
and the volume fraction of colloids in the total suspension is calculated. The
samples are then well mixed again before the Brillouin experiments are performed.
This method provides a measure of the effective hard sphere volume fraction which
determines the phase behavior of the colloids and includes the contribution of the
thin layer of stabilizing polymer coating each sphere. The colloids themselves form
a disconnected system of solid spheres, even at the highest volume fractions. We
calculate the volume fraction of the solid PMMA, or the core volume fraction, ¢.,
from ¢. by assuming that the grafted layer of stabilizing polymer has a thickness
of 15 nm. We estimate the total uncertainties in the values determined for ¢, to

be about +5%, arising primarily from the errors introduced when measuring the
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heights. Thus the uncertainty is substantially less for the sample with the highest
volume fraction, ¢. = 0.64, where the uncertatinty arises only in the knowledge of
the precise thickness of the grafted polymer layer. Finally, we ensure that none
of the samples are allowed to settle and form colloidal crystals, so that there is

no long range order between the particles used to obtain the data reported in this

manuscript.

6.3 Results

In the limit of very low scattering angles, when the wavelength of the sound
is much larger than the sphere size, we expect to observe hydrodynamic behavior,
with only a single propagating sound mode. The lowest value of gd that we
can achieve is gd = 1, using the smaller spheres. Brillouin spectra for three
different volume fractions, ¢. = 0.16, 0.38, and 0.51, are shown in Fig.6.1. For
the lowest volume fraction, ¢. = 0.16, the Brillouin pea.k is almost unchanged in
shape and position from that observed in the index matching fluid with no spheres
present. However, the intensity of the Raleigh peak is increased by several orders
of magnitude with the addition of the spheres, while the intensity of the Brillouin
peak is virtually unchanged. As ¢, increases, the Brillouin peaks shift to larger
frequencies and become broader. This behavior is expected, since the velocity of
sound in the solid is roughly twice that in the fluid.

Since A is substantially larger than d, the behavior can be well described
using an effective medium model to account for the velocity of sound as a function
of volume fraction. In Fig.6.2, we plot the sound velocity determined from the
frequency of the Brillouin peak, v = w/q, as a function of core volume fraction,
¢.. We compare the data to a theoretical prediction based on an effective-medium

theory appropriate for isolated spheres immersed in a fluid®. We take the average
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6.1 Brillouin spectra for three different volume fractions of 370 nm diameter
PMMA spheres measured at a ¢ = 0.0034 nm™!, corresponding to gd = 1.1,

in the hydrodynamic regime for the propagation of acoustic waves.
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6.2 The volume fraction dependence of the sound velocity measured at small angle,
gd = 1.1, in the hydrodynamic regime for the propagation of acoustic waves
using the 370 nm diameter spheres. The solid line is the effective medium the-
ory calculation using the measured values for tlie sound velocities in the pure
phases. Much better agreement is obtained using the core volume fraction,

¢¢, rather than the the effective volume fraction, ¢,.
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velocity to be

~ /B
v=4/3 (6.1)

where the average elastic modulus is given by Wood’s approximation,

1 ¢ 1-9¢
_— = — — 6.2
B B + By ( )
and the average density is given by
p=dp, + (1 —@)pys (6.3)

where the subscripts s and f refer to the solid and fluid respectively. This ap-
proximation for the elastic modulus is rigorously correct in the limit of long sound
wavelength?, as is the case for these values of gd. All the parameters in these
expressions are known. The elastic modulii of both the solid and the liquid phases
are determined experimentally using Brillouin scattering from the pure materials.
The density of the index-matching fluid is determined from the measured ratio of
solvents used to index match the spheres, while for the PMMA, we use the bulk
density. As shown by the solid line in Fig.6.2, the agreement with the data is very
good, confirming the hydrodynamic nature of the acoustic behavior in this region.
Fui'thermore, much better agreement is obtained using the core volume fraction,
¢¢, than using the effective hard sphere volume fraction determined from the phase
behavior. This confirms that the grafted polymer layer behaves more like the fluid
rather than the solid for sound propagation. Thus we use the core volume fraction
and the core radius to characterize the spheres for all our measurements.

As ¢ increases, a qualitative change is observed in the Brillouin spectra. This
change is initially observed when g approaches 0.009 nm™!, which corresponds to
qd approaching 7. Here, the Brillouin peaks no longer increase in frequency as the
volume fraction increases. Furthermore, a second Brillouin peak appears at higher

frequencies for the two larger volume fractions, albeit at much lower intensity. Asgq
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increases still further, these changes become more pronounced, as the two Brillouin
modes are clearly resolved for the two larger volume fractions, and are of roughly
equal intensities. This behavior is illustrated by the spectra for ¢. = 0.16, 0.38
nad 0.51 for the smaller spheres, with g = 0.026 nm~1, corresponding to gd ~ 2.8,
shown in Fig.6.3. For the lowest volume fraction, ¢, = 0.16, only one mode can
be resolved, although its shape is perhaps slightly asymmetric, suggesting that the
two modes may still exist, but their frequencies may not be sufficiently separated to
clearly resolve the peaks. Both Brillouin peaks correspond to longitudinal modes
as confirmed by the absence of any depolarized scattering.

To summarize the behavior of both Brillouin modes, we plot the dispersion
relations for the smaller spheres in Fig.6.4, for three different volume fractions,
¢. = 0.16, 0.38, 0.51, corresponding to effective hard sphere volume fractions of
¢ = 0.21, 0.49, and 0.64. For comparison, we also show the linear dispersion curves
for the longitudinal sound modes that would exist in the pure phases. The dashed |
line corresponds to the solid PMMA, while the solid line corresponds to the pure
index-matching fluid. The values of the velocities used to plot these dispersion
curves are obtained from experimental measurements made at very high ¢d using
the larger spheres, as discussed later.

There are several remarkable features in the dispersion curves shown in Fig.6.4.
At low g, only a single mode is observed for all ¢, with linear dispersion as g goes
to zero. The frequencies of this mode increase with increasing volume fraction
of PMMA. However, as ¢ increases further, all three dispersion curves begin to
flatten and the frequency for the higher volume fractions actually drops below that
of the lower volume fractions. For ¢, above 0.16, the second, higher frequency
mode appears at ¢ =5 0.009 nm™!, corresponding to gd ~ . This mode persists
as g increases, and the splitting between the two modes increases with increasing

volume fraction. At the lowest volume fraction, the measured frequency of the
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6.3 Brillouin spectra for three different volume fractions of 370 nm diameter
spheres measured at ¢ = 0.026 nm~!, corresponding to ¢d = 4.17r. The

two distinct modes are clearly observed for the two higher volume fractions.
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6.4 The dispersion curves for the longitudinal acoustic modes for three different
volume fractions of the 370 nm diameter spheres. The lowest volume fraction
exhibits only a single mode, while the two higher volume fractions exhibit
two modes above g = .009 nm~!. The splitting between the modes increases
with volume fraction. The solid line is the dispersion curve for the longitu-
dinal mode in the pure index-matching fluid, while the the dashed line is the
dispersion curve for pure PMMA.
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mode is nearly unchanged from that of the index matching fluid.

At higher volume fractions, two distinct modes are resolved for g above
0.009 nm™1, corresponding to qd > . The velocity of the higher frequency mode
lies between the velocities of the pure liquid and solid phases. In addition, its
velocity increases with increasing volume fraction. This behavior is expected for
a mode that is characteristic of an effective medium. By contrast, the behavior of
the lower frequency mode is much more unusual and unexpected. Its velocity lies
below that of the slowest velocity of any pure phase that makes up the medium.
In addition, its velocity decreases with increasing volume fraction. Finally, the
frequencies of both modes for all three volume fractions soften around the peak
in the static structure factor, which occurs at ¢ = 0.015 nm™1, corresponding
to gd =~ 2x. The softening of the lower frequency mode is considerably more
pronounced, and the degree of softening increases with volume fraction.

To investigate the behavior at even larger values of ¢d, and to compare the
behavior for different sphere sizes, we also measured the dispersion curves with the
larger spheres. These are shown in Fig.6.5 for core volume fraction of ¢, = 0.10,
0.36 and 0.57. The overall trend of the dispersion curves are the same as for the
smaller spheres. At the very lowest value of ¢ only a single mode is observed, while
for all larger values of g, two distinct. modes are again observed. In addition, the
splitting between the two modes again increases with increasing ¢..

To compare the behavior of the different sphere sizes, we scale the two sets
of data together. This is accomplished by multiplying each axis by the sphere
diameter, d. Thus, on the horizontal axis, we plot ¢d, which is a dimensionless
quantity, while on the vertical axis, we plot wd, which has units of velocity. The
vertical axis could be made dimensionless as well by normalizing by velocity. This
scaling ensures that the dispersion curves of the pure phases exhibit the proper

scaling behavior. The two sets of scaled dispersion curves are shown in Fig.6.6,
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6.5 The dispersion curves for the longitudinal acoustic modes for three different
volume fractions of the 680 nm diameter spheres. The lowest volume fraction
exhibits only a single mode, while the two higher volume fractions exhibit
two modes above g = .005 nm"‘. The splitting between the modes increases

with volume fraction. The solid line is the dispersion curve for the longitu-
dinal mode in the pure index-matching fluid, while the the dashed line is the

dispersion curve for pure PMMA.
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where we only plot the region of gd for which overlapping data is available. The
solid points refer to the data for the larger spheres, while the open points refer to
the data for the smaller spheres. As expected, the scaled data for the two sphere
sizes do exhibit the same trends: the splitting of the modes occurs at the same
point, gd = 7, for both data sets, and both sets of data exhibit a softening around
gd = 2w. However, the scaling of the data is not exact. The degree of softening
of the modes at gd ~ 27 is substantially less pronounced for the larger spheres
than for the smaller spheres. Furthermore, the splitting between the normalized
frequencies of the two modes is consistently less pronounced for the larger spheres
than for the smaller spheres. Thus, the high frequency mode of the larger sized
spheres always has a lower norma:lized frequency for a given value of ¢gd and ¢,
than that of the smaller sized spheres. Similarly, the low frequency mode of the
larger spheres always has a larger normalized frequency for a given value of gd
and ¢. than that of the smaller spheres. Furthermore, a larger volume fraction of
spheres is required for the larger sized spheres to clearly resolve the two modes.

In addition to the inexact scaling of the data of the different sized spheres, the
dispersion curves of the larger spheres exhibit a clear trend as ¢d increases. To
illustrate this more clearly, we plot the phase velocities, v = w/q, of the two modes
for several volume fractions of the larger sized spheres in Fig.6.7. The velocity for
¢ = 0.10 is again almost indistinguishable from that of the index matching fluid.
By contrast, for higher volume fractions, the velocity of the higher frequency mode
is initially much greater than that of the fluid, but as ¢qd increases, the velocity
decreases, and in fact appears to asymptotically approach that of the pure fluid. In
addition, the velocity of the lower frequency mode displays a softening at qd ~ 2,
but as gd increases, it seems to approach a constant value that is well below that
of the index-matching fluid.

Finally, at the highest values, gd =~ 25, an additional mode appears in the
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6.7 The phase velocities of both modes for three different volume fractions of
the 680 nm diameter spheres, plotted as a function of ¢gd. Only one mode
is present for the lowest volume fraction, and its velocity is nearly identical
to that in the pure index-matching fluid. The two higher volume fractions
exhibit two modes. The velocity of the faster mode is highest around ¢d = 2w,
and then decreases as gd increases, ultimately asymptotically approaching that
of the index-matching fluid. The slower mode exhibits a decreasing velocity
as qd approaches 27, but then the velocity increases at higher gd, ultimately
becoming roughly constant, at a value equivalent to that expected for a Stonely

wave at a flat interface.
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spectra, at higher frequencies. This new mode is quite broad and its intensity is
very weak. We attribute this new mode to the propagation of sound in the bulk
solid. The velocity of this mode is close to that measured for solid PMMA, and
thus is consistent with sound propagation within the bulk of the spheres. This
is expected at these high values of ¢d, where several wavelengths of sound can
fit into each sphere. It is not surprising that the velocity of sound is somewhat
different than bulk PMMA, as the fabrication process of the colloids presumably
produces somewhat a different polymer. However, since ¢d is so high, this new
mode probably does not reflect a wave that propagates between adjacent spheres,
but rather re‘ﬂects propagation confined within a single sphere.

Further insight into the behavior of the acoustic propagation is obtained from
the damping of the Brillouin modes, determined from the measured full widths
at half maximum intensities, §w. We characterize the damping by means of the
quality factor, @ = w/éw, which reflects the number of wavelengths the mode
propagates until it no longer couples to the light. We plot the quality factors
measured for the smaller spheres as a function of ¢d in Fig.6.8. As g¢d approaches
zero, the lower frequency mode is very well defined, as indicated by a large value
of Q. However, by tl_le time qd reaches about 7, the value of @ for the lower
frequency mode has decreased and remains constant at about 2, independent of
gd. By contrast, the Q of the hiéher frequency mode exhibits a pronounced
resonance around gd ~ 27, reflecting a decrease in the damping of the mode. The
behavior of @ for the larger spheres consistent with that shown for the smaller
spheres in Fig.6.8, but the resonance at gd ~ 27 for the higher frequency mode is

not as pronounced, since the resolution in ¢d is not as high with the larger spheres.

6.4 Discussion

The most surprising feature of the dispersion curves for the suspension of
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6.8 The quality factors, Q@ = w/6w, for the two modes for three different volume
fractions of the 370 nm diameter spheres plotted as a function of gd. The

higher frequency mode exhibits a pronounced peak around qd =~ 2.
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hard sphere colloids is the existence of two distinct modes. For these systems,
the continuous phase is a fluid, which has no long range rigidity, and thus can
not support shear. Thus, only a single longitudinal mode is expected. In fact,
at very long sound wavelengths, this can be rigorously shown to be the case?.
This same behavior is typically expected to persist to shorter wavelengths as welll.
Therefore, the observation of two distinct modes when the wavelength of sound

becomes comparable to the diameter of the spheres is unexpected.

The closest analogy to this behavior is that first proposed theoretically by
Biot®. He considered the propagation of sound in a porous medium at long wave-
lengths and high frequencies. The characteristic frequency required is determined
from the viscous penetration length, defined as £ = \/p/—r)-a;, where p is the density
of the solid and # is the viscosity of the fluid. This is the length scale of viscous
coupling of transverse waves from the solid into the fluid. When the frequency is
sufficiently high that £ is less than the pore size, the Biot theory applies. Then, the
solid and the fluid become decoupled, with one sound mode propagating through
the solid phase, and a second, new mode propagating through the fluid phase.
This new, slow mode is a wave that propagates predominantly in the fluid, but
its velocity is slower than that in the pure fluid phase because of the tortuosity
of its path. The veracity of Biot’s prediction has been confirmed, both for sound
propagation in some porous media structures? and for sound propagation through
super fluid helium in a porous mediumS®. Howe\‘rer, for the Biot theory to apply,
the solid phase of the porous medium must be a contiguous, rigid structure and
the solid and fluid must form interconnecting phases. This is not the case for
a suspension of hard sphere colloids. Because of the grafted polymer stabilizing
layer, the solid spheres are not interconnected, even at the highest volume fractions
studied. Furthermore, while the fluid phase is clearly completely interconnected,

its tortuosity is very nearly unity®, so the decrease in the sound velocity of the
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lower frequency mode can not be ascribed to a Biot slow wave. Thus, the Biot

approach can not describe the behavior that we observe.

The data suggest an alternate physical picture of the origin of the two modes.
The higher frequency mode has a velocity that lies between that of the solid PMMA
and the index-matching fluid. Furthermore, the frequency of this mode increases
with increasing volume fraction. Thus the solid PMMA spheres must play an
important role in the sound propagation for this mode. However, this mode is
only observed when gd > , suggesting that the sound propagates through the
solid spheres only when it can excite internal resonances of the spheres. This
will occur when a half wavelength of the sound can fit inside the sphere, or when
gd ~ . Since the velocity of sound in the solid is nearly twice that of the fluid,
when the acoustic excitation involves a larger proportion of solid spheres due to

an increased ¢, the velocity will increase.

As qd increases still further, the solid and liquid regions can behave increas-
ingly independently, as more sound wavelengths fit into each region. The sound
velocity of the higher frequency mode decreases, approaching the velocity in the
pure liquid phase. This suggests that the velocity of this mode is increasingly
dominated by that of the fluid, implying that the excitation is trapped to a gfater
extent in the fluid by the large impedance mismatch with the solid. Ultimately,
at very large ¢d, a sufficient number of sound wavelengths can fit into each of the
individual phases, and two distinct modes can be expected, corresponding to the
velocities in the pure solid and pure fluid phases. This is exactly what is observed
with the larger spheres at the largest scattering angles, corresponding to ¢d ~ 25.
Presumably the dominant contribution to the Brillouin scattering is from the por-
tion of the excitation in the liquid, where the compressibility is larger, leading to

a larger scattering amplitude.

While the high frequency mode reflects sound propagation through both the
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liquid and the solid as might be expected for a composite medium, the lower
frequency mode can not reflect this type of behavior. Its frequency corresponds
to a sound velocity that is even lower than that of the index-matching fluid, the
lowest sound velocity in a pure phase of the composite system. Furthermore, the
frequency decreases as the volume fraction increases. The only slower propagating
sound mode in a system comprised of a solid and a fluid is a Stonely wave, which
is a propagating mode confined to an interface between a solid and a fluid!®. It is
analogous to a Raleigh wave which is a propagating mode confined to the interface
of a solid and a vacuum. The existence of a Stonely wave requires a shear modulus
in the solid. It consists of both longitudinal and transverse components in the
solid with a pureli' longitudinal component in the fluid. Its magnitude decays
exponentially away from the interface, both in the fluid and in the solid. Using
the known longitudinal and transverse velocities in bulk PMMA and the measured
velocity in the fluid, we calculate the velocity of the Stonely wave on a flat interface
to be about 950 m/sec. As shown in Fig.6.7, this corresponds remarkably well to
the velocity measured at high ¢d for the larger spheres, where the interface is nearly
flat. At smaller gd, where the wavelength is more nearly comparable to the size
of the spheres, the measured value of Q implys that the excitation propagates over
distances larger than a single sphere. Thus, at low ¢d, this mode must represent
some form of coupled Stonely wave where the longitudinal component in the fluid
couples the excitation between adjacent spheres. This accounts for the fact that
the splitting between the two modes is less for a given volume fraction of the larger
spheres than for the same volume fraction of the smaller spheres. The average
distance between the spheres scales with the sphere size, and thus the coupling
between adjacent spheres through the exponentially decaying longitudinal fluid
portion becomes more difficult with increasing sphere size. This accounts for tha

inexact scaling of the data from different sphere sizes. Finally, in the region of low
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qd, the scattering of the wave from the different spheres becomes more significant.
This accounts for the softening of the mode around gd ~ 27, near the peak in the
structure factor. Furthermore, the large degree of scattering of this mode is also
reflected in the low values of the Q factor, as shown in Fig.6.8.

There have been some previous experimental studies of sound propagation in
similar systems, usually using glass rather than polymer spheres!. Typically these
studies used ultrasonic techniques to measure the actual propagation of sound
through the system, and usually they were restricted to sound wavelengths that
were small compared to the size of the spheres. Thus, two modes were never seen.
In addition, there have been some theoretical treatments of sound propagation
through hard sphere systems that used multiple scattering formalism!!. and were
intended-'to extend into the gqd regime studied here. However, these studies did
not include a shear modulus for the solid spheres, and thus did not predict the
existence of two modes, since a shear modulus is required for a Stonely wave to
exist. More recently, numerical calculations on a two dimensional system of disks
embedded in a fluid have included the shear modulus for the solids!?. They have
predicted the existence of two modes, in remarkable agreement with the experi-
mental observations reported here. Furthermore, the predicted behavior of the
two modes is similar to that observed: the lower frequency mode is predominantly
an interfacial mode comprised of a transverse component in the solid, while the
higher frequency mode is an longitudinal mode that extends through the bulk of
both the fluid and the solid, and is increasingly confined to the fluid at higher qd.

6.5 Conclusion

In this paper, we have presented the results of a study of sound propagation
through a suspension of hard sphere colloids. We use PMMA spheres immersed in

an index-matching fluid, eliminating any multiple scattering of light. This enables
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us to use Brillouin scattering to measure the thermally excited sound waves in the
system. By varying the scattering angle, as well as the sphere size, we are able to
probe the frequency of the propagating acoustic modes over values of gd extending
from about 1 to 25, corresponding to sound wavelengths that are much larger than
the size of the spheres, to those that are equal to the size of the spheres, finally
to those that are much smaller than the size of the spheres. Surprising results
are obtained. Even though the continuous phase is a fluid, and thus can support
only single propagating longitudinal mode, two distinct acoustic modes are found
for gd > 7. The velocity of the higher frequency mode lies between that of the
pure solid and the pure liquid phases, and increases with the volume fraction of
spheres. By contrast, the velocity of the lower frequency mode lies below that
of the slowest velocity of a pure phase, that of the index-matching fluid, and the
velocity decreases as the volume fraction of the spheres increases. As g¢d increases
still further, the velocity of the higher frequency mode }decreases, asymptotically
approaching that of the pure fluid at very high ¢d. In addition, at these high qd,
a weak new mode appears in the spectra corresponding to the velocity of sound in
the pure solid PMMA phase. By contrast, at high qd, the velocity of the lower
frequency mode is approximately constant. Finally, in all cases, the modes are

longitudinal, as confirmed by the absence of any depolarized Brillouin scattering.

We interpret the higher frequency mode as an excitation that propagates
within both the liquid and the solid phases, as expected for a composite medium.
As the volume fraction of solids increases, the excitation is increasingly within the
solid phase, accounting for the increase in the velocity with increasing ¢. How-
ever, as qd increases, more wavelengths of sound can fit into each of the individual
phases, and the acoustic impedance mismatch between the liquid and the solid
forces the excitation to be increasingly confined to the liquid phase, thus decreas-

ing the velocity as ¢d increases.
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We interpret the lower frequency mode as an interface or Stonely wave, which
is the only mode that can propagate at a velocity slower than the velocity in the
pure fluid. This mode is confined to an interface between a solid and a fluid, and
consists of longitudinal components in both the liquid and the solid as well as a
transverse component in the solid. Its amplitude decays exponentially away from
both the solid and the liquid interfaces, confining the excitation to the surface.
However, this excitation must propagate between adjacent spheres and thus must
be coupled through the longitudinal portion in the fluid.

These hard sphere colloid systems have been of great interest recently because
of their fascinating phase behavior. The results of this paper suggest that their
high frequency dynamic properties, as evidenced by the propagation of acoustic

waves through the systems, also exhibits fascinating behavior.
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Chapter 7

RELAXATION

OF OPTICAL PHONONS IN C-Ge

We report here the use of time resolved Raman scattering! to measure the de-
cay rate, 1/7, of the population of nonpolar optical phonons in a crystal®3, The
relaxation rate 1/7 of a nonequilibrium popula.tioﬁ of zero center TO phonons in
crystal germanium is obtained by measuring the decay of the intensity of sponta-
neous anti-Stokes Raman scattering from two picosecond laser pulses as the pulse
separation is increased. Also the 1/r is the difference between the rate, 1/TY, of
the breakup of optical phonons into two or more phonons and the inverse processes
which replenish the phonon populatoin. The lifetime contributions to the Raman
linewidth, Av, is Av = 1/27T{. A comparison of the temperature dependence
of linewidth Ay; measured by Menendez and Cardonat with Av shows that the
line is homogeneously broadened and is the sum of a lifetime and pure dephas-
ing contributions due to scattering of the phonon k vector by isotopic disorder,
Av = Av; 4+ Avyg. The ability to resolve various contributions to the Raman
linewidth can clarify the nature of phonon interactions.

Anharmonic interactions and disorder lead to phonon damping and to a distri-
bution of frequency shifts which broaden the Raman scattering line. The damping
itself has lifetime and pure dephasing contributions in which the phonon respec-
tively scatters out of or within the homogeneous bandwidth produced by phonon
relaxation. The direct measurements of phonon relaxation presented here demon-
strate that, in general, time domain measurements are required to determine the
contribution of various phonon relaxation processes to the Raman linewidth.

The detection of nonequilibrium optical phonons and the comparison of time

resolved and steady state Raman scattering results is greatly facilitated by the
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selective excitation of optical phonons near the zone center by optically excited
electrons and holes. Young, Wan and Van Driel® have carried out measurements of
phonon relaxation in Ge which are consistent with our results. They have pointed
out that, even though the matrix element for the electron-phonon interaction via
the deformation potential is independent of phonon k vector, the contraints of
energy and momentum conservation result in the production of a sharply peaked
distribution of phonons near the I" point. The distribution is qualitatively similar
to the distribution of polar phonons produced via the Frohlich interaction with
a matrix element ~ 1/gq. Thus, though the weighted average of the increase in
the occupation n of optical phonons is less than .3 for a single pair of pulses at
the highest powers used in our experiments, the change in n, An, near the I
point can be as large as 5 at low temperatures and is readily observable. On
the other hand, the phonon lifetime measured in the pulse experiment is due to
anharmonic processes involving lower energy phonons far from the I' point, for
which An is much less than the thermal occupation. The lifetime measurements
should therefore not depend upon phonon excitation levels and indeed 1/7 is found
to be independent of laser power up the highest powers used in these experiments.
The lifetime broadening is therefore determined by the thermal distribution of
phonons and can be compared to the low power cw Raman scattering linewidth. By
contrast the total Raman scattering.linewidth is expected to be power dependent
over the range of powers used, though power broadening of the linewidth measured

with a picosecond laser was not observed with the low resultation used here.

In light of our results, we examine the widely held assumption that the Raman
scattering linewidth of optical phonons in crystals directly yields the lifetime of the
zone center phonons via the uncertainty relation. This assumption is consistent
with time resolved spontaneous Raman scattering measurements in GaAs at 77

K° performed by Von der linde, Kuhl and Klingenberg!. They found that the
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relaxation rate of the nonequilibrium phonon population, 1/7, is proportional to
the full Raman linewidth at half maximum 1/7 = 2rAv. Moreover, an uncertainty
relation holds generally in the case of coherent scattering from coherently excited
vibrations, such as is observed in stimulated Raman scattering®® or in coherent
anti-Stokes Raman scattering (CARS)™®. In such experiments the scattered wave
following a short excitation pulse is the coherent sum of the scattered components

of the Raman line and is thus the Fourier transform of the line.

In contrast to longstanding usage, our results demonstrate that lifetime broad-
ening is proportional to 1/T}, the rate of scattering of phonons out of the zone cen-
ter: Ayy=1/2xT] ®. It has a different temperature dependence than 1/7 which
includes the inverse process involving the scattering of thermally occupied phonons
into the T point phonon and thus reduces the overall decay rate. However, the
inverse process does not contribute to the Raman linewidth since it is incoherent

and cannot, therefore, restore phase coherence.

The experiment is performed using a cavity dumped rhodamine 6G dye laser
synchronously pumped by a Kr* laser. The appratus set up is shown in Fig 2.3.
The laser pulse at photon energy E=2.08 eV has an autocorrelation half-width at
half maximum of 2.3 ps. The laser output is split into two beams of equal intensity,
one of which is delayed using a computer controlled translation stage. The beams
have the same polarization and are focused onto the < 111 >- surface of Ge with a
spot diameter of 15 um. The orientation of the light polarization relative to the
crystal axes is not known. The Raman scattered light is polarized with a ratio
of 8 : 1 along the direction of polarization of the incident beam. The overlap
and focus of the beams was confirmed using a pinhole. The total back-scattered
light is collected and dispersed in a Spex Triplemate monochromator. An optical
multichannel analyzer is used to determine the Raman spectrum which is identical

to that observed in cw Raman scattering within the 5 cm™! resolution of the
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spectrometer. The relaxation of phonon population is monitored by detecting the
anti-Stokes Raman intensity with photon counting electronics as the delay between
the pulses is \)afied. The relaxation rate is found to be independent of pulse energy
incident on the sample which was varied from 0.05nJ to 2nJ both by using neutral
density filters and by changing the cavity dumping rate from 0.8 to 40MHz.
Photo-excited electron-hole pairs have an excess energy above the bandgap of
E — E, = 1.3 eV, which is 35 times the optical phonon energy of hv, = 36 meV.
Assuming that the carriers give up all their excess energy to optical phonons, and
neglecting diffusion effects the average phonon occupation number can be estimated

as
_ ®a E—E,
n=(F) T

(1-R) (7.1)

Where & is the photon fluence of a single pulse, @ = 10° cm™! is the absorption
coefficient, N is the density of optical phonon modes and R =0.36 is the :eﬂectivity.
For a 2nJ incident pulse, this estimate gives n ~ 0.3. From the ratio of Stokes
to anti-Stokes Raman scattering intensity l;*;—l- we determine that n > 5 at 105
K° and n =~ 2.5 at room temperature, indicating that n is indeed peaked near
the T’ point. The lifetime observed at T = 105 K° is independent of excitation
pulse energy over a range corresponding to initial carrier densities from 1 x 1018
to 2 x 102° cm™3. The densi'ty would be due by diffusion out of the excitation
region. This indicates that neither heating nor carrier screening and scattering
affect the measured lifetime over this range.

The Raman spectrum consists of the TO phonon mode at 303 cm™! and a
weak background. This background does not depend on pulse separation and is
presumably hot luminescence. The interaction between the two beams is used to
monitor the nonequilibrium phonon population. The anti-Stokes Raman intensity
as a function of pulse delay is a single symmetric peak, as shown in Fig.7.1. As the

pulse separation increases the anti-Stokes Raman intensity decays exponentially
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7.1 The intensity of anti-Stokes Raman signal as a function of probe pulse delay

in ps.
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towards a constant background caused by scattering from each of the pulses inde-
pendently. This decay is plotted for 105 K° and room temperature in Fig.7.2.

Also shown as the dashed curve is the autocorrelation profile of the excitation
pulse. The solid lines are fits to the data obtained by convolution of the excitation
profile with exponentials with decay times 7 = 8 ps at 105 K° and 7 =5 ps at
300 K°. These times are the best fit to the data to within an uncertainty of 0.5
ps and represent the time in which the excess optical phonon population at the
T point decays. A larger uncertainty is found between different runs at the same
temperature. The values of 1/7 verses T and the total uncertainty are plotted in
Fig.7.3.

The temperature dependence of phonon relaxation can be estimated by as-
suming that it is dominated by three phonon processes in which I" point phonons
at v, couple to phonons with combination frequency vy + v2 = v,, which corre-
sponds to the largest peak in the joint density of states. The neutron scattering
data of Nilsson and Nelin!® indicates that the main contribution comes from pairs
of LA-LO phonons belonging to the Q branches and from nearby regions of tile
Brillouin zone with vy = 0.35v, and v; = 0.65v, 4. The relaxation of net phonon

population is described by

ﬂl—g (0) [no(l + nl)(l + nz) - n1n2(1 + no)] (7'2)

Where n; is the occupation of phonons with energy hv; and 1/7(C) is the relaxation
rate at T'= 0. The equilibrium rate for n is the factor multiplying n on the r.h.s.

of eq. (6.2)
1

'T—(T'j' T(O) (1 +nrny + nz) (7.3)

Using the thermal equilibrium values for n, ‘and nz, eq. (7.3) is fit to the experi-

mental results shown as the lower curve in fig. 6.4 with 7(0) = 124-1ps.
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7.2 Difference between anti-Stokes signal and background at 105K° and 300K°.
The difference signal at the peak is as large as 50% of the background. The
dashed line is the measured excitation pulse autocorrelation profile. The solid
lines are convolutions of this profile with exponential decays of the lifetime

shown.
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7.3 The squares are measured values of the population decay rate 1/ and the
triangles are 2rAv using the Raman scattering linewidth from ref. 4. The
lower line is a fit of 1/7 to eq. (7.3), the middle line is a plot of 1/T] given by
eq. (7.4), and the upper line is a fit of 2rAv = 2/T3 to eq. (7.6).
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This lifetime is an order of magnitude longer than calculated by Cowley!!
who used a shell model description of the harmonic Hamiltonian. The use of a
more accurate adiabatic bond charge model by WebeR?, which is in good agree-
ment with phonon dispersion measured by neutron scattering, would improve the
calculation of the phonon relaxation time4. '

The scattering rate of phonons out of the I' point, 1/Ty, does not include the

reverse process and is given by

L1 en .
5‘?-1'(0)(1-{- l)(1+ ) (74)

This is plotted as the middle curve in Fig.7.3 and is proportional to the lifetime
contribution to the Raman linewidth. The triangle in Fig. 7.3 corresponds to
27 Av where Av is the Raman linewidth measured by Mendez and Cardonat. A
comparison of phonon relaxation rates and the Raman linewidth in Fig.7.3 reveals
that the Raman linewidth may be expressed as the sum of Av; and a weakly tem-
perature dependent contribution which corresponds to an additional broadening of
the Raman line of 0.31 cm™! at T=0. |

Inhomogeneity due to impurities (101€ /em3) or to crystal defects are at too low
a level in these Ge samples to cause observable broadening. Nor can the relaxation
of wavevector conservation, which allows the photon to probe a larger portion of
the Brillouin zone, account for the broadening observed. Though broadening in
semiconductors can be as large as 10 cm™! for 50 A microcrystallities!3—15, it
is expected to drop as 1/L?, where L is the spatial extent of the region probed,
because the band is parabolic near I' point. Assuming L =~ a~! ~ 10004, this
source of broadening should be smaller than 0.1 cm™! in Ge.

A significant broadening mechanism is the isotopic mixture of naturally oc-
curing Ge (Ge™ 20.5%; Ge™ 27.4%; Ge™ 17.8%; Ge™ 36.5%; Ge™ 7.8%).

This can be calculated from the variation in the local vibration frequency which



127

has approximately the same fractional variational as M3, where M is the sum
of the atomic mass in a unit call. This gives a structured distribution of local
mode frequencies due to isotopic disorder for the optic mode which can be crudely
characterized by a half width, D=6 cm—!. Since the phonon bandwidth of 2B=150
cm™! js much larger than the disorder, the vibrational mode is extended and sub-
stantial averaging of the disorder occurs. Consequently, disorder broadening is
dynamical in origin, related to the rate of phonon scattering by local disorder,

rather than static and related to the broad distribution of local mode frequencies.

The presence of structural and isotopic disorder in molecular crystals at low
temperature has been‘shown to give rise to asymmetrical line shapes!® and a
non-exponential decay of CARS signals? from Frenkel excitons. Such asymme-
try disappears at high temperatures and should not be significant in the Raman
linewidth of Ge because of substantial lifetime broadening even at T=0, but the
influence of disorder still contributes to the linewidth. Disorder leads to scattering
of phonons into states of different k vector but the same energy. Such scattering
is sometimes referred to as pure dephasing because it does not influence r since all
k vector states at the same energy are presumably equally populated by the initial

incoherent excitation.

Klafter and Jortner!? calculated the optical lineshape for a Gaussian distri-
bution of site energies with standard deviation D at the edge of a band. In
the framework of this theory, the disorder broadening, Avg, in the case that
Ay > Avg is given by perturbation theory as Avg = 2xD3p(v)(r, + 1) where
p(v) is the density of phonon states. The Raman scattering linewidth is then the
sum of lifetime and disorder contribution, Av = Ay; + Avy.

The density of states at the I' point vanishes in the absence of broadening.
However, phonon broadening smears the density of states to give a finite value

at the T’ point, which can be approximated by averaging the density of states for
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a parabolic band, p(p) = 30‘%/4B§, where P is the frequency offset from the
I’ point, over a frequency range Av. The effective density of states, including
the threefold degeneracy at the T point, is thus, 5 =~ 2 OA" p(P)dp - (Av)3 /B 2.
The contribution to the linewidth of isotopic disorder can then be approximated
by substituting g for p(v). This gives

2rD3(Av) 3 (n, + 1)

-4 (7.5)

AUd o~

Taking D =6 cm™!, B = 75 cm™! and the linewidth at T=0, Av = 0.75 cm™! gives
Avg = 0.3 cm™1, which is fortuitously close to (Av — Ay;) = 0.31 cm™!. Broad-
ening due to disorder depends upon temperature through the factor (Av)3 (n, +1)
in eq. (6.5). The total linewidth in the limit B >> D and Ay; > Ay is the sum

of lifetime and disorder broadening and may be expressed as
Av = Ay + A(AV) % (n, + 1) (7.6)

The fit of this equation to the Raman scattering linewidth data is shown in Fig.7.3
with A = 0.37 cm~3. This result shows that the Raman scattering linewidth is
dynamically broadened. It can therefore be expressed as Av = 1/7xT, where 1/T>
is the relaxation rate of vibrational phase coherence given by 1/T; = 1/2Ty + v ®,
where v = Ay is the rate of pure dephasing associated with scattering of the k
vector of phonons near the I' point by isotopic disorder.

It still remains to explain the observation of a lifetime limited Raman scat-
tering linewidth in GaAs. The influence of disorder is smaller in GaAs than in
Ge because As has a single isotope and Ga has two isotopes (Ga®® and Ga'!)
with a difference in mass which is less than the width of the distribution in Ge.
The discrepancy between lifetime broadened linewidth and the total linewidth is
therefore small and within the uncertainty in the experimental value of r = 741

ps in GaAs at 77 K°1.
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In conclusion measurements of the temperature dependence of phonon popu-
lation relaxation in Ge show that the Raman scattering linewidth is dynamically
broadened and can be separated into a lifetime limited component and a com-
ponent due to pure dephasing resulting from wave vector scattering by isotopic
disorder. The lifetime limited component is shown to be strictly proportional to
1/T; rather than the measured rate 1/7. Since isotopic broadening can be signif-
icant, the phonon lifetime can only be inferred from measurements of the Raman

scattering linewidth of isotopically pure crystals.
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