
VOLUME 77, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 19 AUGUST 1996

ure
ery

is

1484
q Divergence of Nonequilibrium Fluctuations and Its Gravity-Induced Frustration
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We present the first direct measurements of the scattered intensity from a nonequilibrium, temperat
stressed liquid mixture (heating from above). The data have been obtained with an unconventional v
low angle light scattering instrument. While at largerq the intensity diverges with aq24 power law,
we show for the first time that at smallerq the divergence is frustrated by gravity-induced effects. In
spite of this, a staggering increase of more than 5 orders of magnitude above equilibrium scattering
reported. [S0031-9007(96)00848-4]

PACS numbers: 47.20.Bp, 05.40.+j, 05.70.Ln, 78.35.+c
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Equilibrium fluctuations of thermodynamic quantiti
have been investigated for more than a century, the m
classical tools to determine both their rms amplitude
the excitation spectrum being scattering methods,
light scattering in particular.

Spontaneous nonequilibrium (NE) fluctuations ha
been investigated experimentally only much more
cently. The reason for such a delay is the weaknes
the NE contributions, unless one moves to hardly acc
sible, unusually small scattering angles, since the the
predicts that the scattered intensity from NE fluctuat
should exhibit an impressiveq24 divergence [1,2]. The
first accurate and very meticulous data on spontaneous
fluctuations in temperature stressed pure liquids and
nary liquid mixtures were obtained by the Sengers gr
[3–7]. The technique used was dynamic (heterodyni
light scattering, and from these data the NE contribut
to the scattered intensity was derived. While the result
Sengerset al. are unambiguous, the data are over a fa
limited range ofq vectors (less than a factor of 2).

In this Letter we present some extremely low angle li
scattering data obtained with an unconventional scatte
machine covering almost two decades inq vectors. The
sample is a thinsd ­ 0.98 mmd, horizontal layer of an
anyline-cyclohexane mixture at the critical concentrati
the temperature gradient being applied across it (hea
was from above, the stable configuration where th
are no convective instabilities). The temperature of b
plates is above the critical temperatureTc, so the mixture
is in a one phase state. Because of the wide ra
of scattering angles, we present for the first time
full q dependence of the NE fluctuations. At largeq
the impressiveq24 divergence is observed. The ma
emphasis of this Letter, however, is on the observation
the gravity-induced quench of the divergence at extrem
small q, an effect predicted by the theory [8,9] and nev
observed before.

Loosely speaking, the anomalously large fluctuatio
in a NE system are brought about because, due to
order parameter gradients induced by an applied field,
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velocity fluctuations are not anymore as innocuous as
thermodynamic equilibrium. They can indeed produ
spatial irregularities by displacing sample parcels alo
the order parameter gradient. A typical example is
layer of fluid stressed by a temperature gradient. F
pure fluids the situation is simpler, since the appli
temperature gradient creates a density gradient.
mixtures, an additional effect arises because of the S
effect, and a concentration gradient is also formed
a consequence of the temperature gradient. Since
density and concentration fluctuations cause refrac
index fluctuations, light scattering is an ideal tool for the
studies.

The layout of the low angle light scattering machin
has already been described [10]. The most import
component is a solid state monolithic photodiode sen
array. Each sensor is annular in shape, and the optics f
to each sensor the light scattered at an angle proportion
the sensor average radius. The 31 sensors have radii s
logarithmically so as to cover two decades in scatter
wave vectors. The actual setup used here is a modi
version that covers two decades inq vectors, but has
a builtin flexibility to position this range betweenq ­
20 and 50 000 cm21. As we shall see the full use o
the machine down to the smallest angles proved to
unnecessary.

The last portion of the instrument was rigged vertical
so as to position the thin layer scattering cell horizonta
The cell design is very critical. The temperature gradie
is vertical, and the main scattering beam is also vertic
In this way the scattering wave vector is orthogonal to t
gradient, and this is the case contemplated by the the
[8,9].

Sapphire has been chosen for the upper and lower w
dows, because of its reasonably good thermal conduc
ity. A crude sketch of the cell is shown in Fig. 1. Th
temperature of the sapphire plates is controlled via two
nular peltier elements sandwiched between each plate
a temperature reservoir controlled by a circulating te
perature bath. The inner diameter of the annular pel
© 1996 The American Physical Society
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FIG. 1. Sketch of the scattering cell (side view). The m
beam (not shown) is vertical. The drawing is out of scale.

elements is 27 mm, and this sets the clear aperture o
stressed sample.

The choice of the liquid mixture is also very peculi
In order to make the NE fluctuations as large as poss
we searched for a mixture with a large Soret effect.
us briefly recall that this off-diagonal effect produces
steady state a concentration gradient=c as the result of an
applied temperature gradient=T :

=c ­ 2
kT

T
=T ­ 2ST csc 2 1d=T , (1)

wherekT is the thermal diffusion ratio,ST the Soret co-
efficient, c the mass concentration of the heavier com
nent, andT the average sample temperature. Usually
effect is that the denser component migrates to the
plate. It is known [11] thatkT diverges at a critical conso
lation point,kT ­ const3 sT 2 Tcd2w , with w ­ 0.73.
It should be mentioned that this divergence exactly b
ances the vanishing of the mass diffusion coefficientD,
and thereforekT D ­ const. As we will show later, i
one considers the expressions for the scattered inte
from NE fluctuations [see Eq. (3)] and takes into acco
the above indicated divergences, one easily realizes
although it is profitable to exploit the generally large So
effect of critical fluids, there is no advantage in going v
close toTc, since necessarilyDT ­ T1 2 T2 (T1 andT2

are the upper and lower temperatures, respectively) h
be smaller thanT 2 Tc, and the benefit of a largekT is
countered by the small=T applicable. The best compro
mise was found operating atTave ­ sT1 1 T2dy2 roughly
10 K away fromTc. Attempts have been done with i
creasing values ofDT , and reasonably good data could
obtained by applying a rather severe value. We se
for DT ­ 16 K. Of course such a large value makes
concentration gradient nonuniform, but this is the price
pay to make the effect visible at all.

The data have been collected according to the follow
procedure. The cell was brought under isothermal c
ditions atTave 2 Tc , 10 K, and then blank stray ligh
contributions were measured. The gradient was then
plied, and we waited for the system to reach station
conditions. Blank measurements were properly subtra
e

,
t

-

d

-

from the raw data, and a typical set of data is shown
Fig. 2. No transient measurements were attempted
cause the time constanttth that characterize the therma
time constant of the cell was fully comparable with th
diffusion time constanttdiff ­ d2yp2D. The plot is on
a log-log scale, and one can notice the strongq24 diver-
gence at largerq vectors and a roll-off, the data leveling
at a constant value at smallq. We point out that the posi-
tion of the roll-off qro ­ 537 cm21 corresponds to excita-
tions with a wavelengthL ­ 2pyqro ­ 0.012 cm, quite
a macroscopic size.

We will start by comparing the position of the roll-
off in the data with the theoretical predictions. Th
effect of gravity has been explicitly considered for th
case of pure fluids [8], but the results can be eas
duplicated for binary mixtures near a critical point, wher
the relevant variable is the concentrationc. As customary,
one introduces aq dependent Rayleigh number ratio
RsqdyRc,

Rsqd
Rc

­ 2
bkT g ? ===T

nDTq4
, (2)

whereRc is the appropriate threshold value for the ons
of the convective instability when heating from below
[12]. Also, b ­ r21s≠ry≠cdp,T , D is the diffusion
coefficient, andn is the kinematic viscosity,g being
the gravity acceleration. Notice that by heating from
above RsqdyRc is negative. The contribution to the
scattered intensity distribution due to the nonequilibriu
fluctuations is given by [7]

Isqd ~
Ap

c

1 2 RsqdyRc

=T2

q4
, (3)
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FIG. 2. Plot of the scattered intensityIsqd vs scattering
wave vectorq. The solid line through the data is a be
fit of the nonequilibrium data with Eq. (3). Roll-off positio
is at qro ­ 537 cm21. The corresponding excitations are
L ­ 2pyqro ­ 0.012 cm. The applied temperature gradie
is 163 Kycm. The dashed line is the equilibrium scatter
intensity calculated from reference data (see text).
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where Ap
c ­ s≠my≠cdp,T k2

T ynDT2 is the sample depen
dent quantity that controls the amplitude of nonequi
rium scattering contributions. The term1 2 RsqdyRc de-
scribing the gravity-induced quench has been introdu
in analogy to the formula for pure fluids. Also, some si
plifications apply close to a consolute critical point, a
the expression becomes considerably simpler than fo
ordinary liquid mixtures [7].

Notice that when jRsqdyRcj ø 1 Eq. (3) accounts
for the classical=c2yq4 dependence of NE fluctuation
and for RsqdyRc ø 21, the scattered intensity becom
independent ofq, and it scales with=c. Also, if one
works out the algebra of the various divergences,
finds that there is no advantage in acquiring data c
to the critical point, as discussed previously.

The roll-off occurs atRsqrodyRc ­ 21, and let us com
pare the experimental value ofqro with the theoretica
predictions. All the quantities entering into Eq. (2) c
be derived from the literature [11,13]. We find that t
fitting of the data givesqro ­ 537 cm21, while the theo-
retical value is410 cm21. The agreement is more than s
isfactory, since, as discussed above, both temperature
concentration vary in the cell, and the above estimate b
on Eq. (2) has been determined for the average value i
cell. It should be pointed out, however, that due to1

4 power
law dependence ofqro on the sample parameters and te
perature gradient, the numerical estimate is very insens
to possible variations of the thermodynamic variables.
an example, the overall variation of the parameters a
the entire temperature range, and assuming for simpl
a quasicritical isochore path, would lead to a variation
qro of less than a factor of 2.

We will now compare the intensity of the nonequili
rium scattered light with the theoretical predictions.

We have to stress that the signal to noise ratio gets
at both the extremes of the range. At largeq the noise is
due to the precipitous decrease ofIsqd, while at smallq
it is due to the small solid angle of collection of the inn
scattering channels. This is a typical difficulty with
the very low angle static light scattering schemes. A
consequence of the limitations due to stray light, we h
been unable to assess the scattering from an equilibr
isothermal sample at the average temperature. S
the comparison between the data at equilibrium and
NE data is very interesting because it permits a di
comparison of the data with the theory, we have attem
to remedy this difficulty in the following way.

The instrument has been calibrated by obtaining a l
scattering curve from a reference sample. This was a
lulose filter membrane immersed in quasi-index-match
fluid [14]. The largeq decay follows a strong power law
and virtually all the scattered power is collected by
sensor. The beam attenuation is of the order of 37%
could therefore be reliably determined. We are then in
position to calibrate the scattered intensity scale of the
1486
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strument, since the integrated scattered power must e
the beam power loss (the choice of the index matched fi
as a sample is accidental). What one needs is the scat
intensity profile and the beam attenuation. The shape
the intensity distribution is irrelevant, provided (almos
all the scattered power gets collected by the sensor).
allows us to calculate and draw on the same plot the
tensity distribution of the light scattered from an isothe
mal critical fluid at the average temperatureT 2 Tc ­
10 K and the distribution when the temperature gradi
is applied.

The procedure is as follows. The scattered intens
from an equilibrium critical fluid is described by th
Fisher-Burford functionIsqd ­ Byf1 1 sqjd2g, whereB
is a constant andj is the long range correlation func
tion [15]. We get the reference value atT 2 Tc ­ 10 K
[16] j ­ 1.9 3 1027 cm. We then adjust the consta
B so that the integrated scattered intensity is consis
with the reference [16] value for the turbiditym ­ 3.4 3

1023 cm21. In other words, by integrating the equilib
rium scattering curve we calculated, we floatB until the
beam attenuation is quantitatively the one calculated fr
reference data. We estimate that the uncertainty in
cating this curve is less than 20%, and this is more th
adequate for the analysis here.

The equilibrium scattering curve is displayed in Fig.
with the dashed line together with the nonequilibriu
data. One can immediately appreciate the stagge
change in the scattering intensity levels at low wave v
tors between equilibrium and nonequilibrium condition
As it can be noticed, the equilibrium intensity distributio
is constant, since1yj ­ 5 3 106 cm21 is well outside
the instrumental range.

We can compare the relative position of the tw
curves in Fig. 2 with the theoretical predictions. Th
comparison is rather difficult, since both temperature a
concentration change as a function of height, and
the relevant parameters depend on these variables.
simplicity we will assume that all the parameters reta
their value at the average temperature and at the cri
concentration.

Again, using reference values in the expression
the constantAp

c, we find Ap
c ­ 1.5 3 1011 K22 cm22, to

be compared with the valueAp
c ­ 7.2 3 1011 K22 cm22

extracted from the data in Fig. 2. The agreement
within an order of 5, which can be considered as v
satisfactory. An accurate calculation would be ve
difficult. We point out here that there are two opposi
effects to be considered. The layers closer toTc should
exhibit a rather strong increase of the Soret driv
concentration gradient and hence in the scattered inten
(most of the NE scattered light would come from t
layers close to the colder plate, the nearest to
critical temperature). On the contrary, in reality, th
concentration also changes away from critical, and
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counteracts the changes that one would guess shou
concentration be critical everywhere.

In concluding, we point out some strong ties with a g
mane subject, that is buoyancy driven instabilities. T
roll-off in this experiment is due to the fact that by heati
from above gravity actually discourages long wavelen
fluctuations. When heating from belowfRsqdyRc . 0g
gravity actually encourages fluctuations that appear to
verge at threshold [see Eq. (2)]. In a recent beautiful
periment by Wu, Ahlers, and Cannell [17] a shadowgra
technique has been used to visualize and measure
nonequilibrium fluctuations in a thin (0.468 mm) layer
fluid heated from below. In that case pretransitional fl
tuations get greatly enhanced around the wave vecto
the instability platform. The data do show the diverge
of the fluctuations as the threshold is approached. In
present experiment the opposite occurs and the fluc
tions are quenched. It is interesting to notice that low
gle light scattering has been pushed in this experimen
such long wavelength fluctuations that it can almost co
length scales that are more traditionally covered by ph
sensitive techniques such as shadowgraph and schlie
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