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Emulsion glasses: A dynamic light-scattering study
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A liquid-glass transition was observed experimentally in a new system, an oil-in-water emulsion. Dynamic
light scattering was employed to obtain the intermediate scattering functionf(q,t) for a range of volume
fractionsf and scattering vectorsq. The results are compared with predictions of the mode coupling theory.
While the usual idealized version of the theory provides accurate fits to the data on the liquid side of the
transition, fits for volume fractions near the transition and in the glass phase were found to require the extended
version, presumably due to an additional decay mechanism related to the deformability of the oil droplets.
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PACS number~s!: 64.70.Pf, 82.70.Kj, 83.10.Pp
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INTRODUCTION

The liquid-glass transition occurs in a wide range of m
terials including the silicates, molecular liquids, molten sa
and polymers. At temperatures well below the glass tra
tion temperatureTg , glasses are amorphous solids with no
zero shear modulus on any measurable time scale, w
their structures exhibit no evidence of long-range order. I
generally ~though not universally! believed that the glas
transition is a purely kinetic transition, and that no therm
dynamic phase transition is involved.

The hallmarks of the glass transition include extrem
rapid increases in the shear viscosity and structural relaxa
time with decreasing temperature, and the quenching in
disorder as the material undergoes an ergodic to nonerg
transition. While many experimental studies of these prop
ties with a variety of experimental techniques have been
ported, there is still no universally accepted theoretical
planation for the glass transition; experimental data conti
to be analyzed with a variety of different theoretical mod
@1,2#. Thus further model systems that undergo a glass t
sition, and whose properties can be probed in detail, wo
be of great value to further elucidate this important tran
tion.

Mode coupling theory~MCT! @3,4# has been very suc
cessful in explaining the evolving dynamics of the relaxat
process in liquids approachingTg , but comparisons of ex
periment and theory have generally been hampered by
complex structure of most real glass-forming materials.
important exception is provided by colloidal glasses
which the solid colloidal particles interact primarily vi
simple hard-sphere interaction potentials. In this case,
ticle volume fraction,f, plays the role of temperature as th
thermodynamic variable which controls the onset of the gl
transition. Asf increases toward the glass transition, t
viscosity of a suspension of colloidal particles diverges, a
the frequency-dependent viscoelastic moduli can be well
scribed within the framework of MCT@5#. Moreover, be-
cause colloidal particles typically have sizes of several th
sand angstroms, light-scattering spectroscopy can dire
probe the dynamics of these systems on the length s
PRE 591063-651X/99/59~1!/715~7!/$15.00
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qa;1, whereq is the scattering vector anda is the particle
radius. Detailed dynamic light-scattering studies of colloid
glass formers have been reported and compared with the
dictions of MCT, particularly by van Megen and his co
workers@6–8# and by Bartsch and co-workers@9,10#. Since
MCT calculations can be carried out with the important co
pling constants evaluated explicitly for the hard-sphere s
tem, the dynamics of colloidal glasses as probed by dyna
light scattering provide a possibility for direct comparison
experiment and theory with no adjustable parameters. Th
are, however, hydrodynamic interactions present in colloi
dispersions that are not included in MCT. To further explo
the relevance of MCT to the liquid-glass transition, it
clearly desirable to investigate other systems for which
interaction potentials can be treated explicitly.

In this paper we describe a new system that, somew
unexpectedly, exhibits the hallmarks of the glass transiti
It is an emulsion consisting of two liquids—oil and water—
with a small concentration of stabilizing surfactant. The oil
dispersed as surfactant-covered droplets in the continu
~water! phase, forming an emulsion. The emulsion dropl
are further purified to make them monodisperse in s
@11,12#, making possible more detailed study of their beha
ior and more exact comparison to theoretical predictions
packing and dynamics. We show that this emulsion clea
undergoes a glass transition as the volume fraction of dr
lets, f, is increased. We study the glass transition with d
namic light scattering, and show that its behavior is w
described within the formalism of mode coupling theory@3#.
However, in marked contrast to the behavior of hard-sph
colloids, the extended version of MCT must be used for
emulsion, presumably reflecting the consequences of the
formability of the liquid droplets.

Besides providing a new system that can be used to
the validity of MCT, these data also provide important i
sight into the elastic properties of emulsions. As the drop
volume fraction increases, these emulsions undergo a
nounced transition from viscous fluids to highly elastic sol
@12#. At the highest volume fractions, the shear modulus
the emulsions is controlled by the energy of deformation
the droplet shapes, or the surface tension@12#. The transition
715 ©1999 The American Physical Society
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to this behavior is governed by the deformation of the dr
lets, which first occurs atfc'0.64, or random close pack
ing, the highest volume fraction at which undeform
spheres can be randomly packed. By contrast, the re
presented here show that, in fact, these emulsions first
come a solid at a significantly lower volume fraction,fg
;0.58, determined by the colloidal glass transition, wh
the spatial packing of the droplets becomes so large that
are no longer able to freely move over all the space.

EXPERIMENT

Our emulsions were comprised of silicone oil droplets
water, stabilized by sodium dodecylsulfate. The method
crystallization fractionation@11# was used to obtain mono
disperse droplets with a radius ofa'0.25mm. By replacing
about half the continuous phase water with glycerol,
matched the indices of refraction of the droplets and conti
ous phase, thereby eliminating multiple scattering. The st
ture and dynamics of the emulsions could then be pro
with light scattering, using the 514.5 nm line of an Ar1 laser.
A desktop centrifuge was used to concentrate the emulsio
f'0.7; the excess solvent was removed, and then use
dilute the sample to the desired volume fraction which w
set by careful control of the mass of the sample compone
and was determined by drying and weighing the constitue
of a portion of the concentrated sample. The emuls
clearly exhibited a sharp transition in its behavior with i
creasingf, going from a freely flowing fluid, to a very vis
cous fluid to a solid asf varied from about 0.5 to 0.7. Al-
though the surface of the droplets is charged by
surfactant, the concentration of surfactant in the continu
phase is sufficient to reduce the screening length to a s
ciently small value that the droplet packing behaves v
nearly as hard spheres. Nevertheless there is a very s
difference between the phase volume fraction, which de
mines the phase behavior of the droplet packing, and
absolute volume fraction, determined by the weight of
constituents. For the droplets used in these experiments,
difference was less than 1%@12#; here, we quote the phas
volume fraction.

The structure of the emulsions can be characterized
means of their structure factorS(q), which can be measure
quantitatively with static light scattering, because the dr
lets are monodisperse, and because they can be i
matched to the solvent. The form factor of the individu
droplets is first determined from the scattering intensity o
low volume fraction; this is used to normalize the measu
scattering intensity from higher volume fractions, allowin
S(q) to be determined. A typical example ofS(q) for the
samples used in these studies is shown in Fig. 1. It is
tained from a sample witha'0.25mm andf'0.54, a vol-
ume fraction that is near the colloidal glass transition. T
structure factor exhibits the typical behavior of a conce
trated hard-sphere system. There is a pronounced pea
q0;13mm21, corresponding toqa;p, and a weaker peak
at q0;2q0 . The height of the strong first peak isS(qa
;p);2.8, close to the value expected for a colloidal gla
Interestingly, the structure factor remains well determin
even at volume fractions well above the glass transition,
though the height of the first peak becomes significan
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greater@13#. This reflects the fact that the disordered stru
ture of the emulsion droplets is quenched in as the volu
fraction is increased.

To probe the dynamics of the emulsion as it goes throu
the glass transition, we use dynamic light scattering~DLS!,
and collect data at values ofqa below, at, and above the firs
peak in the structure factor, for samples whose volume fr
tion ranges from well below to well above the colloidal gla
transition. We thereby obtain a comprehensive dynam
measure of the system as its dynamics change with incr
ing volume fractionf, and as it goes through the glass tra
sition. We measure the intermediate scattering function~ISF!
f (q,t)5S(q,t)/S(q). Because the dynamics of the emulsio
become exceedingly slow with increasing volume fractio
time averaging of the data no longer corresponds to the
ensemble average required for comparing to theoretical
dictions, reflecting the nonergodicity of the system on t
time scale of the measurement. Thus, during the course
measurement, some fraction of the scattered light will flu
tuate completely, while a second fraction will remain u
changed. The exact correlation function measured will
pend on the relative fraction of these two contributions
the light collected by the detector. The relative contributio
of the static and dynamic contributions must be prope
weighted to obtain a true ensemble-averaged ISF.

Different techniques can be used to properly average
data. Perhaps the simplest is to slowly rotate the sam
while the correlation function is being measured@14#. This
ensures that an average over all relative contributions
static and dynamic scattering is collected. However, the m
tion of the sample also results in a decay of the correlat
function as the speckles move across the detector, limi
the time scale over which a true decay of the sample is
served. A second method to obtain properly ensemb
averaged data entails the collection of a correlation funct
at a single point, and then rotating the sample more rap
to measure the average scattered intensity; this is then
to correct the measured correlation function to obtain
ensemble-averaged ISF@15#. While this method does not di
rectly average the data, it also does not result in any a
tional decay due to sample motion.

We tried both methods in these experiments; howev
contrary to claims that the two techniques are equival
@14#, we found that we were able to collect considerab

FIG. 1. ~a! Static structure factor of a monodisperse emuls
with a droplet radius ofa'0.25 mm and a volume fraction of
f'0.54.
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PRE 59 717EMULSION GLASSES: A DYNAMIC LIGHT- . . .
better data using the latter method. The data for the sam
studied here decay very slowly, requiring long collecti
times to observe the full extent of the decay. As a resul
was essential to measure the longest decay times poss
Using the rotation method, the limitation to measuring lo
decay times is set by the combination of the total duration
the experiment and by the requirement that a large numbe
independent speckles must be measured to obtain the
age scattered intensity with sufficient accuracy to norma
the data. It is this combination of requirements that u
mately determines the slowest speed at which the sam
must be rotated. Thus, for example, 104 independent speck
les must be averaged to determine the average intensity
accuracy of about 1%. Since it is quite important to ac
rately determine the average intensity, at least 104 speckles
must be measured. For a given experiment duration, this
the speed at which the sample must be rotated, and there
the longest decay time that can be probed before sam
motion obscures further decay. This decay time must alw
be significantly less than 1024 of the total duration of the
experiment, severely limiting the decay times that can
probed in any experiment. By contrast, in the second te
nique, the measurement of the average intensity is sepa
from the measurement of the correlation function; hence
average intensity can be measured with a very high degre
accuracy by rotating the sample quite rapidly, to collect
data over a very large number of independent speckles. T
the correlation function can be measured to much lon
times, without the introduction of any spurious decay due
sample motion. Although there will be increasing uncertai
in the data at these longer times, the data are neverthele
sufficient quality to provide valuable information even at t
longest delay times. Thus we found experimentally that
latter method was far better, and we used it to collect all
data presented here.

To collect our data, we typically collected static scatteri
for about 1 h, while the sample was slowly rotated. T
provided a very accurate determination of the average s
scattering. We then collected correlation functions from s
eral different points, corrected each one individually to o
tain a measure of the ensemble-averaged ISF, and fin
averaged these together. We ensured that the accep
angle of the detector was very small, so that the cohere
factor, measured with the same optics as the experime
was well above 0.9, as determined by the intercept of co
lation functions from purely ergodic samples. Of course
apparent value of the intercept varied considerably for
emulsion sample, depending on the relative magnitude of
static and dynamic contributions. However, after the corr
tion, the ISF’s varied only very slightly, indicating that th
averaging that we performed was sufficient.

Data collected from a series of samples, with differe
volume fractions ranging fromf50.54 to 0.62 are shown in
Fig. 2. For each volume fraction, we plot data obtained
three values ofqa, below, at, and above the first peak of th
structure factor; theqa values are indicated by arrows in Fig
1. Thef(q,t) data clearly exhibit two distinct decays on we
separated time scales. Moreover, asf increases, the separa
tion of these time scales also increases significantly, w
the plateau in the data between the decays becomes
extended. In addition, there is a pronounced change in
les
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data betweenf50.57 and 0.58; while the volume fractio
changes by only 0.01, the separation of the time scales o
two decay processes of the ISF increases by several dec
particularly at the highestqa. Nevertheless, at all values o
both f and qa, the data always decay at the longest tim
scales measured. Finally, there is also a marked differenc
the behavior asqa is varied; the amount of the initial deca
is clearly the least forqa at the peak of the structure facto
increasing both below and above.

While the shapes of the ISF’s shown in Fig. 2 are qu
complex, they possess all the hallmarks expected for a
tem undergoing a colloidal glass transition@6–8,16#. The
physical picture that accounts for the shape is that of ca
formed around each particle by its neighbors. Asf increases,
any given particle becomes trapped within its cage for

FIG. 2. Dynamic light-scattering dataf(q,t) ~symbols! from
monodisperse emulsions collected atqa'2.5 ~top panel!, 3.6
~middle panel!, and 4.2~lower panel!, for a series of volume frac-
tions. These values ofqa correspond to values ofq'10, 14.4, and
16.8mm21 in the structure factor shown in Fig. 1. The lowest val
of qa is below the first peak, the intermediate value is appro
mately at the first peak, while the highest value is above the
peak in structure factor. Fits to the data using the idealized MCT
shown by the solid lines, while the improved fits for volume fra
tions above the glass transition obtained with the extended MCT
shown by the dashed lines.
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718 PRE 59HU GANG, A. H. KRALL, H. Z. CUMMINS, AND D. A. WEITZ
creasing periods of time, and any relaxation mechanism
the particle to escape from its cage must become increasi
more cooperative, involving the collective motion of pa
ticles over larger distances. This cooperativity results in
pronounced slowing down of the relaxation of density flu
tuations evident in the data. Qualitatively, the initial decay
the ISF corresponds to local motion of the particle within
cage, the slowly decaying plateau region corresponds to
laxation of the cage, called theb relaxation, while the final
decay corresponds to the breakup of the cage and esca
the particle, designated as thea relaxation. To quantitatively
describe the data, we use mode coupling theory, which
been successfully applied to describe light-scattering d
from colloidal suspensions near the glass transition@6–8,16#.

Mode coupling theory describes the dynamics of a liq
approaching the liquid-glass transition through equations
motion for Fq(t), the normalized autocorrelation function
of the density fluctuationsrq(t):

Ḟq~ t !1Vq
2Fq~ t !1E

0

t

Mq~ t2t8!Ḟq~ t8!dt850. ~1!

These equations, one for eachq, are formally exact, with the
important physics hidden in the memory functionsMq(t)
5gqd(t)1mq(t) wheregq is the ‘‘regular’’ damping con-
stant, andmq(t) represents the slowly varying part ofMq(t).
MCT then utilizes the Mori-Zwanzig projection operator fo
malism and Kawasaki’s factorization approximation to e
press mq(t) in terms of products of two or more othe
modes. In the original ‘‘idealized’’ version of MCT, only th
largest such term is retained:

mq~ t !5 (
q1 ,q2

V~q,q1 ,q2!Fq1
~ t !Fq2

~ t !, ~2!

where q11q25q, and the coupling constantsV(q,q1 ,q2)
are given in terms of the static structure facto
S(q), S(q1), S(q2) which are, in turn, determined by th
intermolecular potentials. For hard spheres, the coup
constants can be evaluated analytically and the coupled s
Eqs.~1! and ~2! can then be solved numerically. Such so
tions were obtained for both hard-sphere@17# and Lennard-
Jones liquids@18#. These complete solutions to the MC
equations can, in principle, be compared directly to exp
mental data, providing a critical test of the theory. Howev
preliminary attempts to carry out such a comparison for b
colloidal dispersions and emulsions have been only mo
ately successful; while they capture the behavior at the t
scales comparable to theb decay, they do not properly ac
count for the behavior at short times, and thus do not cap
the full behavior of the data.

The origin of this discrepancy is that the systems mode
by these MCT expressions do not correspond exactly to
experimental colloidal or emulsion systems. Since the p
ticles or droplets are immersed in a fluid, the diffusive m
tion of the particles at short time scales must be incorpora
into the MCT. Recently, Mayr and co-workers have rea
lyzed the hard-sphere liquid using more powerful algorith
in an attempt to do so@19#. However, in addition to the
diffusive dynamics, hydrodynamic interactions between
particles also play a crucial role in determining the dynam
or
ly
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at short-time scales. These interactions are not yet inclu
in the MCT calculations, although attempts to do so are c
rently underway@20#. Therefore, as in all other previou
comparisons of experimental dynamical data with MCT p
dictions, we employ the asymptotic MCT results rather th
the full solutions to the MCT equations. However, in contra
to the case of hard-sphere colloids, the deformability of
emulsion droplets also affects the dynamics. To account
this, we will use the extended version of the MCT.

Nearfc , Fq(t), which is assumed to be equal tof (q,t),
exhibits a two step decay, corresponding to thea and b
relaxation processes characterized by two time scales,ta and
tb , respectively, which are both greater than the mic
scopic time scalet0 . In the idealized version of MCT, the
two decay times are well separated, andf(q,t) decays fully to
zero at long times forf,fc . In contrast, forf.fc , thea
process is frozen out, leaving only theb process, andf(q,t)
saturates to a finite value,f(q,̀ !, at long times. The transition
at fc signifies an ergodic to nonergodic transition that ty
fies a glass transition.

As f→fc , the divergence oftb inherent in the MCT
equations permits asymptotic expansions to be carried
that provide the MCT asymptotic results usually exploit
for fitting data@7,8,16#. For t0!t!ta , f (q,t) can be fac-
torized into time- andq-dependent functions,

f ~q,t !5 f c~q!1h~q!G~ t !, ~3!

wheref c(q) is the nonergodicity parameter which represe
the amplitude of the arrested structure atfc , andh(q) is the
critical amplitude that describes the contribution of theb
correlator,

G~ t !5usu1/2g6~ t/tb!, ~4!

where the master scaling functiong6(t/tb) is independent
of bothq and concentration, and wheres5c0(f2fc)/fc is
the separation parameter which describes the approach t
critical volume fractionfc of the glass transition. Here,c0 is
a material-dependent constant. Bothf c(q) and h(q) can, in
principle, be calculated fromS(q) at fc , and are only very
weakly dependent onf. Volume fraction dependence ente
the dynamics only throughs, and the two scaling times
which diverge atfc ,

ta5t0usu2g, g51/2a11/2b, ~5!

ta5t0usu2d, d51/2a, ~6!

where the critical exponentsa ~0,a,0.5! and b ~0,b,1!
are related to the exponent parameterl by

l5
G2~12a!

G2~122a!
5

G2~11b!

G2~112b!
, ~7!

whereG is the gamma function. The final, long-time rela
ation of f(q,t), reflecting thea process, is described by
second scaling law with thea correlator, and can be wel
approximated by a stretched exponential,

f ~q,t !5 f c~q!exp$2~ t/ta!bq%, ~8!
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wherebq is the stretching exponent. Within the ideal MC
a relaxation exists only on the liquid side, where for tim
greater thantb , the relaxation of the density fluctuations
shared by both theb and thea processes, withtb marking
the crossover between the initial part of theb relaxation~the
critical decay ;t2a) and the von Schweidler decay (;
2tb) which joins smoothly to the long-timea decay@Eq.
~5!#. By contrast, on the glass side, thea process is arreste
and theb process saturates at a definite value at long tim

The complete structural arrest atfc predicted by the ide-
alized MCT does not occur in simple structural glass
where thea-relaxation process moves to longer times w
decreasing temperature but does not disappear. Retentio
the next significant term in the memory function, beyond
leading term of Eq.~1!, leads to the extended MCT@21,22#.
The additional term, representing coupling to currents
usually included through a temperature-dependent ‘‘hopp
parameter’’d~T!. With this parameter included, much bett
fits to experimental data can be obtained in the transi
region and in the glass phase@23,24#. For our emulsion sys-
tem, the droplet deformability is physically similar to th
activated hopping process underlyingd~T!, so we will also
employ the extended MCT to analyze data at concentrat
abovefc .

DATA ANALYSIS

To quantitatively analyze our data, we begin by calcul
ing theb correlatorG(s,t) for hard spheres, for a trial expo
nent parameterl, as a function off. Then, for the data for
eachq, we approximatef c(q) by the experimental value o
the plateau of the ISF between 0.57 and 0.58, where it
comes flat. We then close a trial value ofh(q) to fit the initial
decay of the data using Eq.~2!. Below f50.58, we combine
the a process using Eq.~5! with ta as a fitting parameter
since in the idealized MCT thea process is frozen out abov
fg , we do not include it forf.0.57. This fitting process is
iterated for each data set to obtain the best fit to all the d
In doing this fit, we hold bothf c(q) andh(q) fixed for all f
for each value ofq, since MCT predicts that they are on
very weakly dependent onf; this ensures that the fit satisfie
the constraints of MCT for the factorization off(q,t). The
results of the fit are shown by the solid lines in Fig. 2. The
to the data is very good forf,fg ; however, at higherf, in
the glass region, the data clearly continue to exhibit a de

FIG. 3. Fitted values of the nonergodicity parameterf c(q) com-
pared with the prediction for hard spheres, shown by the solid l
s.
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at longer times, contrary to the expectations of the ideali
MCT. To account for this decay, we use the extended M
@21,22#. Within extended MCT, the final decay is also we
described by a stretched exponential abovefg @although the
simple scaling of Eq.~5! is not expected to apply#, and we
use this form here, choosing the value ofta to ensure a
continuous curve through the data. With this addition, all
data are fit very well; the new fits at long times forf.fg
are shown by the dashed lines in Fig. 2. These fits are in
tinguishable from the simple MCT fits at shorter times, a
correctly account for the decay observed at longer-ti
scales.

The values obtained forf c(qa) and h(qa) are shown in
Figs. 3 and 4, respectively. The data forf c(qa) are com-
pared to the values predicted for hard spheres, shown by
solid line in Fig. 3. The fitted values exhibit the same tre
as the prediction, withf c(qa) exhibiting a sharp peak nea
the first peak in the structure factor. Similarly,h(qa)exhibits
a pronounced dip near the first peak in the structure facto
Fig. 5 we plot thef dependences of the fitted time scales,ta
~circles! and tb ~squares!, and compare these with the pre
dictions of MCT for hard spheres shown by the solid a
dashed lines, respectively. The agreement is again q
good. There is a pronounced divergence for 0.57,f,0.58,

e.
FIG. 4. Fitted values of the critical amplitudeh(q) compared

with the prediction for hard spheres, shown by the solid line.

FIG. 5. Thef dependence of the two time scales obtained fr
the MCT fits,ta ~circles! andtb ~squares!, compared to the predic
tions for hard spheres shown by the solid and dashed lines, res
tively. Data for thea process are shown only forf,fg . The
divergence betweenf50.57 and 0.58 is strong evidence of th
existence of the colloidal glass transition at this volume fraction
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providing a clear measure offg . We do not show the value
of ta obtained from the extended mode coupling fits abo
fg . These reflect the time scales for long-time relaxation
the emulsions in the glassy state, and are in marked con
to the behavior observed for other colloidal systems. H
spheres exhibit no long-time decay abovefg @7#, while soft
gel spheres do exhibit a decay@9#, but it cannot be describe
within extended MCT@10#. Thus the emulsion data are th
first colloidal system that can be described by the exten
MCT. This additional decay presumably arises because
the deformability of the liquid droplets@25,26#; which may
enable thermal effects to cause the ultimate decay off(q,t),
consistent with the use of a phonon-assisted hopping term
addition, we believe that there are stresses built up within
emulsion as it is loaded into the light-scattering cell, as
observed time scale increases very slowly over the cours
several weeks, indicating slow aging of the sample. Con
tent with this, we observe a slow increase in the characte
tic time of the final decay of the correlation function. The
effects may be interesting to study as an example of
consequences of sample aging.

The asymptotic MCT equations@in contrast to the full
solutions to Eq.~1!# do not account for the decay of the IS
at the shortest times where the particles are diffusing wit
their local cages. Furthermore, the data shown in Fig. 2
not provide an accurate measure of this initial decay. Ho
ever, some insight into this behavior can be obtained by
ing the same emulsion, without index matching, for diffusi
wave spectroscopy which probes the very short-time mo
of the particles@27#. Interestingly, for all the volume frac
tions shown in Fig. 2, the mean square displacement is
diffusive, increasing with time more slowly than linearl
even at time scales as short as 1msec, and length scales o
order 1 Å @25,26#. Thus the effects of the neighboring pa
ticles are felt through hydrodynamic interactions at the v
shortest of time scales. This emphasizes the importanc
including these interactions in any complete treatment of c
loids and emulsions by the MCT.
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CONCLUSIONS

These results demonstrate the utility of these mono
perse emulsions as a new system in which to study the g
transition. Because of the flexibility of the droplets, it is
simple matter to load samples at all volume fractions, allo
ing the study of their properties both below and abovefg ;
by contrast, the very long relaxation times of hard-sph
suspensions make it very difficult to work with glass
samples. Furthermore, by suitable choice of oils, emuls
droplets can be made with different indices of refractio
thus it is a simple matter to mix small concentrations
particles with the same size, but with different scatteri
intensities, allowing tracer measurements to be made to
tend the range of these studies. Furthermore, these sam
are also amenable to mechanical measurements to deter
their rheological properties; these properties also exhibit
the hallmarks of a colloidal glass transition@5#. Thus this
system is ideal for a detailed test of current theoretical
scriptions of the glass transition. Finally, these results hi
light the importance of the droplet deformability in contro
ling the final relaxation of the droplets. Similar long-tim
relaxation is expected in other systems which show gla
relaxations, such as gels or foams. These long relaxat
also have a strong influence on the rheological behavio
these systems, leading to a loss modulus that is surprisi
independent of frequency@12#. Recent work has suggeste
that these long-time scale relaxations are directly related
the frequency independence of the loss modulus@28#. The
data presented here provide a direct measure of the dyna
and the relaxations which are speculated to be essentia
this unusual rheological behavior.
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