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Equilibrium and nonequilibrium fluctuations at the interface between two fluid phases

Pietro Cicuta,* Alberto Vailati,† and Marzio Giglio
Dipartimento di Fisica and Istituto Nazionale per la Fisica della Materia, Universita` di Milano, via Celoria 16, 20133 Milano, Italy

~Received 16 February 2000!

We have performed small-angle light-scattering measurements of the static structure factor of a critical
binary mixture undergoing diffusive partial remixing. An uncommon scattering geometry integrates the struc-
ture factor over the sample thickness, allowing different regions of the concentration profile to be probed
simultaneously. Our experiment shows the existence of interface capillary waves throughout the macroscopic
evolution to an equilibrium interface, and allows us to derive the time evolution of surface tension. Interfacial
properties are shown to attain their equilibrium values quickly compared to the system’s macroscopic equili-
bration time.

PACS number~s!: 68.10.2m, 68.35.Fx, 05.40.2a, 68.35.Rh
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I. INTRODUCTION

The fluctuations at the interface between two fluid pha
at thermodynamic equilibrium have been studied very ext
sively starting from the beginning of this century@1#, and
particular investigation has concerned those at the interfa
of critical fluids @2–5#. Although the features of equilibrium
interfacial fluctuations are now relatively well known, th
behavior of an interface under nonequilibrium conditions
still not well understood. Many experiments have been p
formed to detect an effective nonequilibrium surface tens
in miscible fluids@6–9# but the results obtained are main
qualitative.

In this paper we will present experimental results ab
the behavior of interfacial fluctuations during the diffusi
remixing of partially miscible phases. In this system the
terface between two fluid phases is being crossed by a m
roscopic mass flow. It is well known that the fluctuations
the equilibrium states before and after the diffusive par
remixing are controlled by surface tension and gravity. It
not clear, however, what happens to the interface during
remixing: does the interface temporarily dissolve? Is ther
surface tension during the transient, and how is it related
the evolving macroscopic state? We try to address th
problems by means of low-angle light-scattering measu
ments of the correlation function of fluctuations.

The sample considered is a near critical binary mixt
kept below its critical temperatureTc , so that it is macro-
scopically separated into two bulk phases by a sharp h
zontal interface. The diffusive remixing is started by raisi
the temperature to a value closer toTc , but still below it.

We report data at equilibrium showing the expected int
face capillary waves, and data obtained out of equilibri
during partial diffusive remixing, showing that capillar
waves at the interface are still present and coexist with ‘
ant’’ nonequilibrium fluctuations in the bulk. By combinin
time-resolved measurements with predictions for the li
scattered by the fluctuations, we are in a position to de
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data for the time evolution of the nonequilibrium surfa
tension. These data show that during the diffusive remix
the surface tension attains almost instantaneously its fi
equilibrium value, and this is consistent with a fast re
rangement of the concentration profile in the neighborho
of the interface.

II. EXPERIMENT

Traditionally, interfacial fluctuations have been studied
means of dynamic surface light-scattering techniques@10#.
These techniques allow determination of the power spect
of the light scattered from the excitations, and have be
used very extensively to characterize the equilibrium prop
ties of interfacial fluctuations in simple fluids and bina
mixtures @2,4,5,11#. Surface light scattering is usually pe
formed by sending a probe beam to the interface at the a
of total reflection, scattered light being collected around
specular reflection angle and partially recombined with
main beam, so that a heterodyne signal is obtained. H
ever, dynamic scattering techniques are not very well su
to studying time-dependent nonequilibrium processes, as
time needed to accumulate an adequate statistics of the
tuations is often much longer than the time related
changes in the macroscopic state of the fluid. To bypass
problem we have used a unique low-angle static lig
scattering setup. Although the fluctuation time scales are
accessible with this instrument, it allows us to determine i
fraction of a second the static light scattered at 31 wa
vectors distributed within a two-decade range, making i
very useful tool to study fluctuations around a tim
dependent macroscopic state. This instrument, describe
detail elsewhere@12,13#, typically investigates a wave vecto
range corresponding to 100 cm21,q,10 000 cm21.

Our setup is configured to detect the transmitted st
scattered intensity, the probe beam being sent verticall
normal incidence. In this way light is scattered both at t
interface and in the bulk layers above and below it. It can
easily shown that the structure factor in the transmission
ometry is proportional to the usual one in reflection.

A critical binary mixture is an ideal sample to study th
nonequilibrium fluctuations during diffusion at an interfac
Although other partially miscible fluids could be used to pe

ry,
4920 ©2000 The American Physical Society
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form this experiment, the use of a critical mixture allow
tuning of the time scale of the macroscopic diffusion proc
by adjusting the temperature difference from the criti
point. Moreover experimental runs can be iterated simply
cycling the temperature.

The sample is a 4.5 mm thick horizontal layer of t
binary mixture aniline-cyclohexane prepared at its criti
consolution concentration (c50.47 w/w aniline!. Its critical
temperatureTc is about 30 °C, and was determined to with
60.01 °C before each experimental run. While slowly d
creasing the temperature of the single phase aboveTc , Tc
was taken as the temperature where a sudden increas
turbidity was observed.

The light-scattering cell is a modification of the Rayleig
Bénard one already used to investigate fluctuations in a t
mal diffusion process@13#, configured to keep the sample
a uniform temperature. The mixture is sandwiched betw
two massive sapphire windows whose temperature con
achieved with Peltier plates, is as good as 3 mK over a
riod of one week, temperature differences between the
plates being kept to about 2 mK.

A typical measurement sequence involves the follow
procedure. An optical background is recorded with the m
ture in its one-phase region at 5.5 K aboveTc , where the
bulk fluctuation amplitude is many orders of magnitu
smaller than that of equilibrium and nonequilibrium fluctu
tions in our experiment. This optical background mostly co
tains contributions due to dust and imperfections of the
tical elements, and it is subtracted from all subsequ
measurements. The system is then allowed to phase sep
at 3.5 K belowTc , where the concentration difference b
tween the two bulk phases isDc'0.5 @14#. Great care is
dedicated to eliminating wetting drops at the optical w
dows. After a few hours the intensity distribution scatter
by the system at thermodynamic equilibrium is record
scattered light being mostly due to the capillary waves at
interface. The nonequilibrium process is then started by s
denly increasing the temperature to 0.1 °C belowTc . About
90% of the imposed temperature change is attained with
s, and 99% after about 200 s. During the temperature
crease the temperature of the upper plate is kept slig
higher than that of the lower one to discourage stray conv
tion across the fluid. The concentration difference betw
the phases has to readjust by means of a diffusive proc
The two macroscopic phases at this temperature are not c
pletely miscible. At equilibrium they will have a concentr
tion difference ofDc'0.15 @14# and they will be separate
by a new interface. It has to be pointed out that the b
correlation length in the initial and final equilibrium stat
corresponds to 3.7 nm and 34 nm, respectively. Therefo
is much smaller than the length scales accessible with
light-scattering setup. The scattered intensity distribution
recorded during this transient, until the system reaches t
modynamic equilibrium after about 24 h. It is well know
that the interfacial fluctuations in the equilibrium states p
ceding and following the diffusion process are overdamp
capillary waves@10#, characterized by aq22 power spectrum
that exhibits a gravitational stabilization at small wave ve
tors. The main problem we want to address is how the fl
tuations behave during the transient between the equilibr
states.
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III. DISCUSSION

The evolution of the scattered intensity distributions c
be roughly divided into two stages. In the first stage, rep
sented in Fig. 1, the intensity distribution, initially due to th
equilibrium interface excitations, increases and develop
bump, which represents the appearance of a typical len
scale. As we will see shortly, the increase in the scatte
intensity is due to the development of nonequilibrium flu
tuations in the bulk phases, the typical length scale cha
terizing the onset of the gravitational stabilization of lon
wavelength bulk fluctuations. The initial data set, being
least intense, is particularly affected by the subtraction of
optical background. The time elapsed during this sta
roughly corresponds to the thermal time needed to incre
the temperature of the sample~about 200 s!. In the second
stage, represented in Fig. 2, the intensity distribution
creases, until eventually the bump disappears, and theq22

equilibrium power spectrum of capillary waves is recovere
Notice that light scattered at large wave vectors does
change with time during this stage. We will see that this
related to the readjustment of the concentration profile ac
the interface having taken place.

To analyze our data we assume that the sample ma
depicted as the superposition of two thick bulk layers se
rated by a thin interface layer, and that these layers sca
light independently from each other. Therefore we are c
sidering two sources of scattering, the interface fluctuat
scatteringI int(q) and the fluctuations in the bulk phases sc
tering I bulk(q), so that the total intensity distribution is

I ~q!5I int~q!1I bulk~q!, ~1!

where, as outlined in the Appendix,

FIG. 1. Normalized scattered intensity plotted vs scattered w
vectorq at different times. The initial data set (.) is the intensity
scattered by the initial equilibrium interface. Time is measured fr
the start of the partial remixing process. The figure shows the e
stages of the remixing process, when the scattered intensity is
creasing with time. The solid lines represent the best fit of
experimental data with Eqs.~1!–~3!.
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dIint~q,t !

dV
5I 0

n2K0
4

~2p!2 S ]n

]cD 2 1

rbg
kBT

Dcint

11~q/qcap!
2

~2!

and

dIbulk~q,t !

dV
5I 0

n2K0
4

~2p!2 S ]n

]cD 2 1

rbg
kBT

Dcbulk

11~q/qro!4
. ~3!

In Eqs.~2! and~3!, K0 is the wave vector of light in vacuum
n,c,r are the mixture’s refraction index, weight-fractio
concentration, and density, respectively,b is (1/r)(]r/]c),
g is the gravity acceleration,Dcint is the concentration dif-
ference across the interface, andDcbulk is the total sample
concentration difference minusDcint , that is, the concentra
tion difference that falls in the bulk phases. According
Cahn and Hilliard@15# the concentration profile is continu
ous across the interface. However, most of the concentra
change occurs in a layer whose thickness is of the orde
the correlation lengthj. As the length scales explored by o
setup are much bigger thanj, the fluctuations experience
sharp concentration variationDcint at the interface. The
rolloff wave vectorsqcap andqro , given by

qcap5S Drg

s D 1/2

, ~4!

and

qro5S b]zcg

2nD D 1/4

, ~5!

characterize the onset of gravitational stabilization at la
length scales of capillary and bulk fluctuations, respectiv
@1,13#. In Eq. ~5! ]zc represents the largest concentrati
gradient in the bulk phases at a certain time@16#.

FIG. 2. Normalized scattered intensity plotted vs scattered w
vector q after the onset of the remixing process. The scattered
tensity is decreasing with time. The least intense scattering (.) is
due to the final equilibrium interface. The solid lines represent
best fit of the experimental data with Eqs.~1!–~3!.
on
of

e
y

We use Eqs.~1!–~3! to fit the experimental data shown i
Figs. 1 and 2. In order to limit the number of fitting param
eters we take advantage of the fact that the concentra
differenceDc across the whole sample does not change d
ing the so called free-diffusive regime@16,17#, as the diffu-
sive remixing initially involves only layers of fluid close t
the interface. ThereforeDcint andDcbulk are related by

Dcint~ t50!5Dcint~ t !1Dcbulk~ t !, t!tmacro, ~6!

wheretmacro5s2/p2D is the time required for diffusion to
occur over the sample heights. The timetmacro is of the
order of 7000 s for our sample, by assumingD56
31027 cm2/s ~this is the equilibrium value at 3K belowTc ;
see@16# and references therein!. By imposing the reference
valueDcint(t50)50.5 @14# and by fitting the experimenta
data using Eqs.~1!–~3!, we are able to determine three p
rameters: the concentration difference across the inter
and the rolloff wave vectorsqcap andqro .

Results forDcint are presented in Fig. 3~a! as a function
of time. Initially Dcint has its equilibrium valueDcint50.5.
After about 40 s from the temperature increase it begins
drop, and decreases for about 300 s, finally stabilizing to
constant valueDcint50.3. This is roughly a factor of 2 large
than the reference equilibrium value@14#. This discrepancy
is due to the difficulty~both theoretical and in the fitting
procedure! of clearly ascribing the measured scattered int
sity to either interface or bulk phases, and an estimate of
rather large fitting and systematic error is shown by the e
bars in Fig. 3. This error is such that our data cannot
considered fully quantitative, but it does not affect the fe
tures we discuss.

By combining the results forDcint andqcap , since from
Eq. ~4!

e
-

e

FIG. 3. Time evolution of the concentration difference acro
the interface~a! and of the interfacial surface tension~b!. Circles
represent the experimental results obtained by fitting the scatt
intensity distributions with Eqs.~1!–~3!. Crosses mark the referenc
equilibrium values in the initial and final states. The triangle
panel~b! corresponds to the surface tension measured in the in
equilibrium state. Vertical bars on the experimental results rep
sent the estimated fitting and systematic errors.
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s5
rbDcintg

qcap
2

, ~7!

we are in the unique position to obtain the time evolution
the interfacial surface tension during the nonequilibrium p
cess. Experimental results for the surface tension are sh
in Fig. 3~b!, which represents the main accomplishment
this work. The two crosses mark the value of the equilibriu
surface tension at the initial and final temperatures, extra
lated from the reference data of Atack and Rice@14#. The
first data point represents the equilibrium surface tens
measured with our light-scattering setup. The agreem
with the reference value is good. After the diffusion proce
is started the surface tension drops about two orders of m
nitude, until after about 300 s it stabilizes to a constant va
The asymptotic value of the surface tension is about a fa
of 2 larger than the reference value, a good result conside
the wide range of values spanned. Although these results
only partially quantitative, Fig. 3 unambiguously shows th
the properties of the nonequilibrium interface rapidly atta
their equilibrium values. This equilibration time is very sma
compared with the one associated with readjustments of
bulk phases~which corresponds to about one day!, and it is
comparable to the time needed to increase the temperatu
the sample. Notice that the surface tension evolution d
not show the initial delay seen in theDcint evolution. This
indicates that the surface tension is probably following
local temperature almost instantly, whereasDcint does not
change until diffusion has occurred over the fluctuation ch
acteristic length scales. With the diffusion coefficient giv
above, this time is about 30 s for the smallest wave vec
observed.

We are now in a position to comment on the fast grow
shown in Fig. 1, of the scattered intensity distributions
intermediate and large wave vectors. Soon after the diffus
process is started the concentration difference across th
terface decreases to its equilibrium value. According to
concentration conservation Eq.~6!, a strong concentration
differenceDcbulk is rapidly created in the bulk phases, and
large concentration gradient quickly grows near the interfa
This gives rise to velocity-induced concentration fluctuatio
described by Eq.~3! @16,17#. The growth ofDcbulk(t) during
the free-diffusive regime is shown by the circles in Fig.
and it mirrors the results forDcint in Fig. 3~a!. When enough
time has passed for diffusing particles to reach the ma
scopic boundaries~about 5000 s as shown in Fig. 4!, the
sample enters the restricted-diffusion regime, where the t
concentration difference across the sample begins to cha
and Eq.~6! does not hold any more. However, according
Fig. 3, we can now assume that the interfacial parame
have attained their asymptotic values. In this way we can
the scattered intensity distributions to determine the conc
tration difference across the bulk phases. Results forDcbulk
obtained in this way are shown by the squares in Fig. 4.
evolution of this process is very similar to that already o
served during the free diffusion of completely miscib
phases@16,18#. From the fitting of the nonequilibrium bulk
data we also determine the rolloff wave vectorqro , which
corresponds to the bump observed in the light scattering
in Figs. 1 and 2. As outlined above and thoroughly descri
f
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in Ref. @17#, fluctuations at wave vectors smaller thanqro are
stabilized by gravity, which frustrates theq24 divergence at
small wave vectors. The rolloff wave vector is plotted in F
5 as a function of time. The results displayed in Fig. 5 sh
that the variation ofqro roughly corresponds to a factor o
1.4. The rolloff wave vector is mostly determined by th
layers of fluid where the concentration gradient is larg
@16#, that is, the bulk layers close to the interface. From E
~5!, we can estimate that the variation of the concentrat
gradient close to the interface is rather small, roughly cor
sponding to a factor of 4. This behavior suggests that
bulk concentration gradient is pinned to the interface conc
tration profile.

FIG. 4. Time evolution of the concentration difference acro
the bulk phases. During the initial free-diffusion stage~circles! the
total concentration across the sample is conserved@see Eq.~6!# and
the data mirror those presented in Fig. 3~a! for the concentration
difference across the interface. Later on the presence of bound
is felt, and the sample enters the restricted-diffusion stage~squares!.
In agreement with the results presented in Fig. 3, we have assu
that during this stage the interfacial properties have already atta
their equilibrium values.

FIG. 5. Time evolution of the rolloff wave vectorqro .
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IV. CONCLUSIONS

We have reported light-scattering measurements of
correlation function of fluctuations at the interface and in
bulk phases of a critical binary mixture undergoing diffusi
partial remixing. From the intensity distributions it is cle
that even during remixing a sharp interface separates the
bulk phases, and that this interface is roughened by capil
waves similar to those at equilibrium. Our data have be
analyzed, yielding qualitative information on the concent
tion profile of the system. In particular, our main results a
the time evolution of the interface concentration differen
and the surface tension, showing how these parameters
to the final equilibrium values quickly compared to the sy
tem’s macroscopic equilibration time.
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APPENDIX

In this Appendix we shall outline how one may derive t
structure factor of fluctuations in an out-of-equilibrium b
nary mixture where a concentration gradient and a diffus
concentration flux are present. We consider a fluid descri
by a z-dependent concentration gradientc(z). Layer by
layer, surfaces of uniform concentration can be defin
From a macroscopic point of view these surfaces are h
zontal planes. In the presence of fluctuations the surfaces
corrugated, due to the motion of parcels of fluid in the v
tical direction. As customary, we will indicate byhz(x,y,t)
the vertical displacement of the surfaces from their me
position atz.

In such a system light scattered with scattering vectorq is
proportional to the mean square amplitude of the roughn
of modeq, ^uhq(t)u2&. We shall show how this quantity ma
be calculated for the two limiting cases of a sharp interfa
and a linear concentration gradient, extending the fluctua
hydrodynamics treatment applied in@17#.

Throughout this paper we are dealing with small flu
velocities and overdamped motion, and equations will be
proximated accordingly; see, for example, the discussion
@10#. We will consider the scattering of light by long wave
length fluctuations, which scatter light mostly at small sc
tering angles in the forward direction.

We shall suppose fluctuations to be generated indep
dently at different heights, and shall first consider a sin
fluctuation generated in a layerdz at z̄. Then, for every wave
vector q, one has thathz(q) will be maximum for z5 z̄
where the fluctuation was generated, and exponentially
creasing with distance fromz̄ as hz5hz̄ exp(2quz2z̄u). This
is a consequence of the hydrodynamic equations for a
cous fluid in the case of overdamped motion@10#.

The hydrodynamic equations describing motion in an
compressible viscous mixture can be linearized for small
locities @17# as

div v50, ~A1!
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]v~x,y,z,t !

]t
5n¹2v2

1

r
“P~x,y,z,t !, ~A2!

]c

]t
52v•^“c& t2

1

r
“• j , ~A3!

wherev is the fluctuating velocity,c the fluctuating concen-
tration, n the kinematic viscosity,P(x,y,z,t) the pressure,
^“c& t the concentration gradient averaged over typical fl
tuation time scales, andj the mass diffusion flux. Equation
~A1! is the usual mass conservation equation for an inco
pressible fluid, Eq.~A2! is the linearized Navier-Stoke
equation, and Eq.~A3! is the convection-diffusion equation
We assume that the macroscopic diffusive flux isj5
2L“m, wherem is the chemical potential of the mixtur
andL is the linear response coefficient;j is nonzero wherem
is not constant.

Since a fluctuation indh causes a concentration fluctu
tion dc52^“c& tdh, Eq. ~A3! may be rewritten in terms o
h, which is better suited to the case when“c is large.
Equiconcentration surfaces are corrugated by thermal ve
ity fluctuations in the vertical direction, and these are d
scribed by thez component of Eq.~A2!.

After identifying the ‘‘mutual diffusion’’ coefficientD
with (1/r)L(]m/]c), thez component of Eq.~A3! then gives
vz5(]/]t)h1D¹2h. We substitute this into Eq.~A2! and
obtain, after Fourier transform inx,y, and t, an equation of
motion for nonequilibrium fluctuations:

2 iv@2 ivhq,v~z!12Dq2hq,v~z!#

52nq2@2 ivhq,v~z!12Dq2hq,v~z!#

2
1

r
qPq,v~z!1

1

r
qSq,v , ~A4!

where the continuity of tangential stresses on the fluctua
surface has been imposed and a stochastic force termSq has
been added to describe the onset of thermal spontaneou
locity fluctuations. The correlation function of this stocas
force is assumed to be~see @19#! ^u(1/r)qSqvu2&
5kBT2nq3/rA as in equilibrium.

The pressureP in Eq. ~A4! may be exerted by the externa
gravity force and by internal capillary forces and is measu
against the average fluid pressure. Because of Eqs.~A1! and
~A2!, in deriving Eq.~A4! we have imposed the conditio
that the pressureP( z̄) induced by the fluctuation in layerz̄
decays exponentially with distance from the fluctuation la
to the average pressure asPq(z)5Pq( z̄)exp(2quz2z̄u). This
pressure term depends on the local concentration profile
can be written explicitly for fluctuations involving a ‘‘shar
interface’’ profile and for those in the bulk phases, by co
sidering the gravity and capillary forces on the fluctuatio
We shall consider a fluctuation to be a sharp-interface fl
tuation if z̄ is close to the interface positionzi . Instead, if
]zc(z) may be considered linear within a range of61/q
aroundz̄, the fluctuation will be considered a bulk fluctua
tion. Our treatment is approximate in that we are suppos
that every fluctuation falls within one of these cases.
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Interface fluctuations and bulk fluctuations give rise
different dynamics. In the case of a sharp interface, the p
sure acting on a fluid element at heightz̄5zi , when a fluc-
tuation occurs atzi bending the interface, is

Pq~zi !5
1

2
@Drghq~zi !1sq2hq~zi !#. ~A5!

Substituting this pressure in Eq.~A4! one may, with algebra
similar to that in @17#, calculate the spectrum of interfac
fluctuations:

uhqvu2

5^uh~q!u2& t

2~Drgq1sq314rnDq4!/4rnq2

v21@~Drgq1sq314rnDq4!/4rnq2#2
,

~A6!

where the static term is

^uh~q!u2& t5
1

A

kBT

Drg1sq214rnDq3
. ~A7!

At equilibrium, when the mutual diffusion coefficientD50,
the spectrum linewidth is the same as that of the well-kno
equilibrium interface@5,10#: gravity dominates at small wav
vectors and capillary forces at large ones. However, du
the nonequilibrium process, diffusion is effective in relaxi
large-wave-vector fluctuations. At these wave vectors
linewidth becomes the usual diffusiveDq2 one, and this dif-
fusive contribution is also apparent in the static struct
factor where a new term proportional toq3 is present in the
denominator. With our setup it was not possible to study
structure factor at large enough wave vectors to check
result and, as far as we know, this feature has never b
observed.

The other case is that of a bulk phase where the con
tration gradient is approximately linear. Here the press
opposing a fluid element at heightz̄ when a fluctuation oc-
curs bending the layer at heightz̄ is

Pq~ z̄!5
1

2
@]zrghq~ z̄!1]zsq2hq~ z̄!#

2

q
, ~A8!

where]z stands for]/]z. From mean field theories of binar
systems@15,20# it follows that ]s/]z}(]r/]z)2. If the con-
centration gradient is small, the capillary term becomes n
ligible compared to the gravitational one, and we shall d
it from now on in this case. As before, from Eq.~A4! one
may calculate the correlation function of bulk fluctuation
recovering the spectrum calculated and commented o
Ref. @17#:
et
s-

n

g

e

e

e
e

en

n-
e

g-
p

,
in

uhqv~z!u25^uh~q,z!u2& t

2~2]zrg14rnDq4!/4rnq2

v21@~2]zrg14rnDq4!/4rnq2#2
,

~A9!

where the static term is

^uh~q,zi !u2& t5
1

A2/q

kBT

]zrg12rnDq4
. ~A10!

Although these bulk fluctuations have the same origin
capillary waves, namely, velocity fluctuations parallel to t
concentration gradient, the transition from a sharp to a
fuse interface radically modifies both the static and the
namic structure factors of the fluctuations.

We shall now outline how one may evaluate the intens
of light scattered by these fluctuations. Suppose a plane w
having wave vectorK0 in vacuum and intensityI 0 is propa-
gating in the vertical direction in a sample having index
refractionn5n(z). The roughness of the equiconcentrati
surfaces due to a fluctuation atz̄ introduces a phase depen
dency on (x,y). One easily sees that the resulting scatte
intensity per solid angle is dIq,t /dV
5I 0@n2K0

4/(2p)2#uDF(q,t)u2, whereDF(q,t) is the optical
path variation induced by the fluctuation, given by

DF~q,t !5
]n

]cE dz hz~q,t !]zc~z!. ~A11!

This integral is similar to that required to calculate the pr
sures of Eqs.~A5! and~A8! and, depending on the system
local concentration profile atz̄, it can easily be approximate
in the same two limiting cases considered above, a sh
interface or the concentration gradient in a bulk phase.

Scattering from the whole sample is given by integrati
over the sample thickness of the scattering due to fluc
tions arising in a single layer, weighted with the probabil
of being in that layer and with the density of fluctuations,
that one integrates the single fluctuation intensity indz̄q/2.
If the sample comprises both bulk regions and a sharp in
face having a concentration differenceDcint , the total scat-
tered light is then

dIq,t

dV
5I 0

n2K0
4

~2p!2 S ]n

]cD 2F ~Dcint!
2uhzi

~q,t !u2

1E
bulk

dz̄
2

q
~]zc~z!u z̄!2uhz̄~q,t !u2G . ~A12!

We have used Eq.~A12! to fit our data after approximating
the bulk phase integral by considering that most of the s
tering is due to the layers with the greatest]zc(z).
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