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Early Stage Kinetics of Phase-Separating Liquid Mixtures
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Observation of the very early stage of phase separation is made difficult by the large numbe
of nucleated domains and the polydispersity of the droplet distribution. We investigate this issue
using laser waves to locally quench a liquid mixture with two intersecting pump beams whose
interference pattern traps the nuclei on the fringes. The time-resolved reflectivity of a third probe
wave on the induced droplet grating (i) confirms that nucleation is heterogeneous even in the bulk
and (ii) surprisingly shows that impurities lead to an unexpected reduction of the growth onto a single
“medium-dependent master curve” when samples are synthesized with the same lots of constituen
[S0031-9007(99)08577-4]
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The birth of a new phase in a metastable mixture o
curs via nucleation and growth. Even if pioneering wor
were devoted to nucleation [1], growth processes h
been much more investigated [2]. The Ostwald ripen
mechanism, i.e., the late stage of droplet growth by eva
ration and condensation, is the best known [3,4]. Recen
it has been predicted that Ostwald ripening is preced
by a diffusion-driven free-growth stageR ` t1y2 [15],
whereR is the droplet radius andt is the time. Experi-
mental investigations [6,7] brought attention back to t
starting point of the decay of a metastable state, since t
indirectly demonstrated that bulk nucleation in binary li
uid mixtures can be heterogeneous. Measurements w
then at variance with the usually considered homogene
nucleation picture [8]. Unfortunately, in previous studi
[9], accessible times were not sufficiently early to visua
discriminate a prevailing nucleation mechanism. On
other hand, multiple scattering and droplet polydispers
at the early stage generally make inappropriate class
light scattering methods for such an investigation [6], ev
with thin samples, due to the increasing importance of h
erogeneous nucleation [10] and wetting couplings [11]
the boundaries.

Using a wave mixing experiment, we show in this Lett
that transient grating techniques circumvent these diffic
ties. Two interfering pump waves quench locally a bina
liquid mixture and confine the transition to the excited bu
area; rigid boundaries play no role. Moreover, the fring
optically trap the nucleated domains in the quenched
gion. As a consequence, a grating of droplets is genera
and their growth can be deduced from the dynamic refl
tivity of a third probe beam. This method has two mo
advantages. The reflectivity is induced by coherent sc
tering. Thus, as soon as saturation effects can be igno
(as for the early stage kinetics induced by the low sup
saturations described here), the reflectivity is proportio
to the single-scattering Rayleigh cross section [12] and
time dependence is almost unaffected by multiple scat
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ing. Moreover, since the diffracted wave is related to th
induced periodic modulation of the refractive index, th
droplet polydispersity does not blur the measurements.
mean growth may therefore be observed.

Experiment.—A schematic of the experiment (detailed
in Ref. [13]) is presented in Fig. 1(b). The grating is
created from a linearly polarized cw Ar1 laser in the
TEM00 mode (wavelength in vacuum:l0 ­ 5145 Å)
whose beam is divided into two parts of equal intensit
and path length. These two pump beams are th
recombined and intersect in the sample with a defini
angleu. A spatially periodic intensity distribution is built
in the sample. For a medium of refractive indexnM , it is
characterized by a fringe spacing in thex directionL0 ­
l0y2nM sinsuy2d and a spatial wave vectorq0 ­ 2pyL0.
The induced grating is probed by one of the incident writ
beams which is attenuated and retroreflected back throu
the sample after a90± rotation of the polarization. The
reflected wave is then extracted with a Glan prism an
detected by means of a photon counter connected to
multichannel analyzer.

The experiment was performed in a water-in-oil mice
lar phase of microemulsion. Our sample (ultrapure wate

FIG. 1. Schematic phase diagram of the micellar system.FE
is the local quench in composition induced by the pump wave
the weak thermal component of the quench has been neglec
Fc andTc are the coordinates of the critical point. (b) Experi
mental configuration. The grid represents the grating induc
in the phaseFM .
© 1999 The American Physical Society 1895
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5%; n-dodecane: 78%,n-pentanol: 12.2% of spectro-
scopic quality; crystallized sodium dodecyl sulfate: 4.8%
has a low critical point at a temperatureTc ­ 32±C,
above which it phase separates in two micellar phas
of different concentrations [Fig. 1(a)]. Since close toTc

they belong to the universality classsd ­ 3, n ­ 1d of the
Ising model, such supramolecular media are particula
interesting to investigate the early stages of phase se
ration because the amplitude of the correlation length
density fluctuationsj2 is intrinsically large: In the two-
phase regionj2 ­ j

2
0 j1 2 TyTcj2n with j

2
0 ­ 11 Å

and n ­ 0.63. Moreover, laser waves can easily induc
two processes that can modify the micellar compositio
[14]. The first is electrostriction, but dipolar effects ar
negligible in the chosen microemulsion [14]. Beside
even if the wavelengthl0 is off resonance, our mixture is
characterized by a very small residual absorptionaa ­
5.58 1024 cm21. Despite the weakness of the resultin
overheating [15], concentration gradients can be induc
by thermodiffusion, particularly in near-critical mi-
croemulsions for which (i) the Soret constantkT diverges
near the critical pointskT ­ k0

T j1 2 TyTcj
2nd and (ii) kT

is intrinsically large (in our mediumk0
T ø 3 [15]). Let

F0 and T0 denote the volumic concentration of micelle
F and temperatureT in the absence of a electromagneti
wave and letFE andTE denote their field intensity vari-
ations. Since the thermal diffusivity is much larger tha
the solute diffusion constantD2 ­ kBTy6phj2, the
small overheating can be assumed as almost instantane
compared to the nucleation time scale. Then, ifIsqd is
the Fourier component of the intensity distribution for a
excited spatial wave vectorq fi 0, one obtains [12]

TEsqd ­
aa

Lth

Isqd
q2 , (1a)

FEsq, td ­ 2
%0

%d

kT

T0
TEsqd f1 2 exps2D2q2tdg , (1b)

whereh, Lth, %0, and%d are the bulk viscosity, thermal
conductivity, and densities of the sample and the micelle

To observe these field effects, the mixture is enclos
in a temperature-controlled parallelepipedic fused qua
cell (optical pathl ­ 2 mm, 1 cm wide). As schemati-
cally illustrated in Fig. 1, the temperatureT0 was chosen
aboveTc (i.e., the sample is in a two-phase equilibrium
state). SincekT . 0, a beam power increase from the hig
micellar concentration phase in coexistence (of concent
tion FM ­ F0) locally quenches the medium in composi
tion in the metastable region; a thermal contribution of th
quench should also be added but, practically, it is we
due to the low absorptionaa and the largekT value. De-
spite the periodicity of the grating, this quench is esse
tially driven by the spatial Gaussian intensity distributio
of the pump beams, independently of their interferenc
Indeed, sinceFEsq, td ~ TEsqd ~ Isqdyq2, the wave vec-
tor distribution centered around theq ­ 0 mode associated
with each pump beam is always strongly enhanced co
1896
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pared to any particularq ­ q0 fi 0 grating mode. This
can be illustrated in direct space at the beam inters
tion sz ­ 0d by writing the inverse Fourier transform o
Eqs. (1a) and (1b) asTEsxd ­ T

q̄­0
E sxd 1 T

q­q0

E sxd and
FEsx, td ­ F

q̄­0
E sx, td 1 F

q­q0

E sx, td, whereT
q̄­0
E sxd and

F
q̄­0
E sx, td are the pump wave contributions given b

[12,15]

T
q̄­0
E sxd ­

aaP
4pLth

"
2E1

√
x2

a2
0

!
2 ln

√
x2

a2
cl

!#
, (2a)

F
q̄­0
E sx, td ­

%0

%d

kT

T0
T

q̄­0
E sxd

"
1 2 exp

√
2

D2

a2
0

t

!#
,

(2b)

whereP is the total power injected into the cell anda0 is
the beam radius. The distanceacl is defined by the bound-
ary condition:T

q̄­0
E sx ­ acld ­ 0 and E1sxd is the one-

argument exponential integral function. Typically, usin
data given in [14], one finds on the axis a stationary s
persaturationjF

q̄­0
E sx ­ 0, t ­ `djysFM 2 Fmd ­ 0.13

for sT0 2 Tcd ­ 1.5 K, P ­ 1.2 W, a0 ­ 23 mm, and
acl ­ 10a0. By comparison, for L0 ­ 3.5 mm, the
fringe contribution jF

q­q0

E sx ­ 0, t ­ `djsFM 2

Fmd ­ 4.1025 to the quench is completely negligible.
Droplets of concentrationFm are therefore nucleated

by the intensity distribution of each pump beam [15
Because of the local character of electrostriction [1
these droplets are optically trapped by the fringes (the
fractive index ofFm is larger than that ofFm because
the refractive index of water is slightly smaller than th
of n-dodecane) and thus grow in the quenched regi
To observe the very early stage kinetics of the tran
tion, a three-step experimental procedure is implement
(i) At t ­ 0, the two pump beams simultaneously quen
the mixture; a grating of growing droplets is generate
(ii) At t ­ t1, one pump wave is obturated to observ
the grating relaxation duringt2 2 t1; (iii) At t ­ t2, both
pump beams are obturated tillt3 fst3 2 t2d ø 5t1dg to en-
sure a thermodynamic relaxation of the system bef
starting a new accumulation.

Results.—Let wDstd represent the field variation of the
volumic concentration of nucleated droplets. Then, as
a liquid suspension of dielectric spheres [16], the dynam
reflectivity Restd (ratio of the diffracted to the inciden
probe beam intensities) behaves as Restd ~ jwDstdj2. An
example is given in Fig. 2 for four differentt1. Let us first
consider the grating relaxation. Since one pump beam
obturated att ­ t1, a “reverse quench” [9], still within
the two-phase region, is induced in the system. Thus,
growth instantly slows down, and it can be assumed t
the grating relaxes faster than the droplet radius evolv
Therefore,

Rest . t1d ~ expf22DRst1dq2
0st 2 t1dg , (3)
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FIG. 2. Reflectivity of the probe beam induced by the form
tion and the relaxation of a droplet grating when one pum
wave is obturated atsad t1 ­ 25 s, s bd t1 ­ 30 s, scd t1 ­
35 s andsd d t1 ­ 40 s. The fits (empty circles) are performe
according to Eqs. (3) and (4). Inset: droplet growth law (emp
circles) deduced from the fit of the grating formations. Th
filled circles are the radii att1 deduced from the grating relax-
ations. The dashed line shows the continuation of the grow
which was not measured.

whereDRstd ­ kBTy6phRstd. From Fig. 2, we deduce
Rst1 ­ 25 sd ­ 0.45 mm, Rst1 ­ 30 sd ­ 0.55 mm, Rst1 ­
35 sd ­ 0.72 mm, andRst1 ­ 40 sd ­ 0.94 mm. On the
other hand, it can be observed on grating formatio
that the reflectivities start to increase after an illumin
tion time t ø 20 s (an accurate determination is give
below). Thus, if nucleation is homogeneous, the cri
cal radius should be of the order ofsj2y3djsFM 2

FmdysFq̄­0
E sx ­ 0, t ­ 20 sdj ­ 1 mm, a value larger

than the differentRst1d measured for longer illumina-
tion times. As already discussed [6,7], this comparis
suggests that nucleation is heterogeneous in mixture
phenomenon which seems unavoidable since here
transition is strictly induced in the bulk. To confirm thi
fact, let tc and DEsx ­ 0, t ­ tcd denote the mean time
and supersaturation needed to initiate heterogeneous
cleation. Then, the grating formation fortc , t , t1 is
described by

Restc , t , t1d ~ jwDstdj2, (4a)

≠wD

≠t
­ 2DRstdq2

0fwDstd 1 ARstd3Isq0dg , (4b)

≠R
≠t

­
D2DEsx ­ 0, t ­ tcd

Rstd

µ
1 2

Rc

Rstd

∂
. (4c)
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Equation (4b) simply describes the diffusion-driven opt
cal manipulation of the droplets by the fringes;ARstd3 is
proportional to droplet polarizability. Since nucleation i
supposed to be heterogeneous, a majority of droplets
nucleated on a finite number of seeds corresponding to
bulk impurities. On the other hand, Eq. (4c) correspon
to the familiar growth rate of an isolated droplet becau
finite size effects induced by the pump beam radii [15] a
completely negligible at this stage;Rc ­ j2y3DEsx ­
0, t ­ tcd is the heterogeneous critical radius [6]. To ob
tain an accurate description of the very early stage grow
i.e., of the quantitiestc and DEsx ­ 0, t ­ tcd, the grat-
ing formation for the whole set of runs (four in the case o
Fig. 2) is fitted together. The initial conditions for solv
ing Eqs. (4b) and (4c) are, respectively,wDstcd ­ 0 and
Rstcd ­ Rc 1 j2y2, wherej2y2 corresponds to an un-
certainty on the activation energy of the order ofkBT [8].
From the experiment in Fig. 2, we gettc ­ 18 6 1 s
and DEsx ­ 0, t ­ tcd ­ 0.026 6 0.003. The resulting
droplet growth at the very early stage is shown in the i
set of Fig. 2. A good agreement is observed between
kinetics obtained from the fit of the grating formation
and the droplet radii measured att1 from the associated
relaxations. Since the relative error on the beam pow
is dPyP # 5% and the temperature is regulated at be
ter than 0.05 K, we deducedDEyDE # 10%. Then, as-
sumingdRyR ø dRcyRc, we may expectdRyR # 7%,
in agreement with the experiments. Moreover, sin
D2tcya2

0 ø 1, we estimatedtcytc # 13% from Eq. (2b).
In fact, by usingtc and DE given by the fits, the re-
flectivities are recovered only with a smaller uncertaint
dtcytc # 5%. Finally, despite the agreement observed
Fig. 2, we also tried to fit the data, without any succes
considering a nucleation rate at the early stage [8]. T
slope of the observed grating formations is too weak to i
tegrate the resulting increase in droplet density and elim
nates definitively a homogeneous nucleation process.

Discussion.—If the reduced variables% ­ RyRc and
t ­ D2j2y3R3

c st 2 tcd are considered, Eq. (4c) can b
written in a universal form:≠%y≠t ­ s% 2 1dy%2 whose
integration leads to

t ­ K 1 lns% 2 1d 1 % 1 %2y2 , (5)

where K is a constant that characterizes the nucleati
conditions. Since small variations inK (such as those
driven by thermodynamic fluctuations for homogeneo
nucleation) are able to induce huge modifications in ea
stage growth [6], it is usually accepted that thisK depen-
dence eliminates the existence of any universal behav
as long as the condition% ¿ 1 is not satisfied. However,
as soon as their mean size is larger thanj2, impurities
are known to strongly decrease the activation barrier a
to dampen the influence of thermodynamic fluctuations
nucleation. We can then make the hypothesis thatK es-
sentially depends on the properties of the fixed numb
of heterogeneous seeds that are preferentially wetted
1897
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FIG. 3. Plot in reduced variables of the radii att1 obtained
for ten different experiments (filled circles). The solid line
represents a fit performed with Eq. (5). The two surroundin
dashed curves illustrate the evolution of the largest measur
growth law dispersion towards the universal free-growth regim
R ~ t1y2. An overview is presented in the inset, which also
shows the location of the earliest free-growth measureme
(empty circle) given in Ref. [7].

the minority phase. A simple rescaling of a set of ex
periments done in different samples (made with the sam
lots of constituents and therefore with the same type an
quantity of impurities) and for different values of the con
trol parameterssP, a0, L0, T0 2 Tcd should therefore point
out a single-scaled dynamics of the early stage dropl
growth. This data rescaling is shown in Fig. 3 for ten ex
periments (including that of Fig. 2) made in eight differen
samples and describing a reasonably wide region of t
parameter space:0.6 # P # 1.2 W, 12 # a0 # 32 mm,
L0 ­ 3.5 mm, and0.7 # T0 2 Tc # 2 K. The dots rep-
resent, during slightly less than one decade in reduc
time s2 # t # 9d, the different couplesfRst1d, t1 2 tcg
deduced from the grating relaxations. Using the estim
tions given above, errors ared%y% # 14% anddtyt #

26%. Over time scales much smaller than any of thos
already investigated (t $ 60 in simple fluid mixtures [7]
and t $ 80 in polymer blends [6]), all of the data are
closely distributed around a mean growth behavior illus
trated by the solid line. The fit from Eq. (5) givesK ­
2.15 6 0.1. As a consequence, forT0 2 Tc $ 0.7 K (i.e.,
for j2 # 0.05 mm), the rescaling illustrates that the mean
seed size behaves as a particular length scale which,
expected, almost nulifies the influence of thermodynam
fluctuations. Moreover, unlike the usually accepted ide
that heterogeneous nucleation is too versatile to be qua
tified, Fig. 3 shows, surprisingly, that the data follow the
same reduced law in the presence of bulk impurities. Thu
for the same lots of components, as soon as the decay o
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metastable state has been characterized once to get thK
value, the kinetics becomes completely predictable. Th
conclusion, which obviously deserves further investigatio
in other systems, could have important technological s
nificance in material science, particularly for microcrys
talline formation in doped glasses [17].

Finally, as observed in previous studies at largert

[6], and partly illustrated by the largest dispersion of ou
measurements [the lowersKmax ­ 3.1d and the higher
sKmin ­ 1.25d dashed lines in Fig. 3], the early stag
kinetics develops towards the universal free-growth regim
R ~ t1y2, regardless of the initial conditions. Therefore
the agreement between measurements made fort $ 60 in
Ref. [7] [the earliest datums% ­ 10, t ­ 60) is shown in
the inset of Fig. 3 for the sake of comparison] with ou
fitting curve illustrates over four decades in time (from
t ­ 2 to t ­ 2 3 104 [16]) the global evolution of the
dynamics of phase-separating liquid mixtures from th
very early stage to the free-growth regime.
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