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We present the first direct measurements of the scattered intensity from a nonequilibrium, temperature
stressed liquid mixture (heating from above). The data have been obtained with an unconventional very
low angle light scattering instrument. While at largethe intensity diverges with a~* power law,
we show for the first time that at smallgrthe divergence is frustrated by gravity-induced effects. In
spite of this, a staggering increase of more than 5 orders of magnitude above equilibrium scattering is
reported. [S0031-9007(96)00848-4]

PACS numbers: 47.20.Bp, 05.40.4j, 05.70.Ln, 78.35.+c

Equilibrium fluctuations of thermodynamic quantities velocity fluctuations are not anymore as innocuous as in
have been investigated for more than a century, the moshermodynamic equilibrium. They can indeed produce
classical tools to determine both their rms amplitude andpatial irregularities by displacing sample parcels along
the excitation spectrum being scattering methods, anthe order parameter gradient. A typical example is a
light scattering in particular. layer of fluid stressed by a temperature gradient. For

Spontaneous nonequilibrium (NE) fluctuations havepure fluids the situation is simpler, since the applied
been investigated experimentally only much more retemperature gradient creates a density gradient. For
cently. The reason for such a delay is the weakness ahixtures, an additional effect arises because of the Soret
the NE contributions, unless one moves to hardly accesffect, and a concentration gradient is also formed as
sible, unusually small scattering angles, since the theorg consequence of the temperature gradient. Since both
predicts that the scattered intensity from NE fluctuationdensity and concentration fluctuations cause refractive
should exhibit an impressivg * divergence [1,2]. The index fluctuations, light scattering is an ideal tool for these
first accurate and very meticulous data on spontaneous N&udies.
fluctuations in temperature stressed pure liquids and bi- The layout of the low angle light scattering machine
nary liquid mixtures were obtained by the Sengers groufnas already been described [10]. The most important
[3=7]. The technique used was dynamic (heterodyningtomponent is a solid state monolithic photodiode sensor
light scattering, and from these data the NE contributiorarray. Each sensor is annular in shape, and the optics feeds
to the scattered intensity was derived. While the results ofo each sensor the light scattered at an angle proportional to
Sengert al. are unambiguous, the data are over a fairlythe sensor average radius. The 31 sensors have radii scaled
limited range ofg vectors (less than a factor of 2). logarithmically so as to cover two decades in scattering

In this Letter we present some extremely low angle lightwave vectors. The actual setup used here is a modified
scattering data obtained with an unconventional scatteringersion that covers two decades dnvectors, but has
machine covering almost two decadesgiwvectors. The a builtin flexibility to position this range betweeqp =
sample is a thinNd = 0.98 mm), horizontal layer of an 20 and 50000 cm~!'. As we shall see the full use of
anyline-cyclohexane mixture at the critical concentrationthe machine down to the smallest angles proved to be
the temperature gradient being applied across it (heatingnnecessary.
was from above, the stable configuration where there The last portion of the instrument was rigged vertically,
are no convective instabilities). The temperature of botlso as to position the thin layer scattering cell horizontally.
plates is above the critical temperatdtg so the mixture The cell design is very critical. The temperature gradient
is in a one phase state. Because of the wide rangs vertical, and the main scattering beam is also vertical.
of scattering angles, we present for the first time then this way the scattering wave vector is orthogonal to the
full g dependence of the NE fluctuations. At large gradient, and this is the case contemplated by the theory
the impressiveg * divergence is observed. The main [8,9].
emphasis of this Letter, however, is on the observation of Sapphire has been chosen for the upper and lower win-
the gravity-induced quench of the divergence at extremelgows, because of its reasonably good thermal conductiv-
small g, an effect predicted by the theory [8,9] and neverity. A crude sketch of the cell is shown in Fig. 1. The
observed before. temperature of the sapphire plates is controlled via two an-

Loosely speaking, the anomalously large fluctuationswular peltier elements sandwiched between each plate and
in a NE system are brought about because, due to the temperature reservoir controlled by a circulating tem-
order parameter gradients induced by an applied field, thperature bath. The inner diameter of the annular peltier
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THERMAL from the raw data, and a typical set of data is shown in
RESERVOIR Fig. 2. No transient measurements were attempted be-
cause the time constant, that characterize the thermal
time constant of the cell was fully comparable with the
P diffusion time constantgr; = d>/7>D. The plot is on
SAPPHIRE < —+—— FLUID a log-log scale, and one can notice the strgng diver-
™~ gence at largeq vectors and a roll-off, the data leveling
at a constant value at small We point out that the posi-
tion of the roll-off ¢,, = 537 cm™! corresponds to excita-
THERMAL tions with a \{vav_elengtm = 27 /qw = 0.012 cm, quite
RESERVOIR a macroscopic size.
FIG. 1. Sketch of the scattering cell (side view). The main We will start by_ comparing the_ posmon' O.f the roll-
beam (not shown) is vertical. The drawing is out of scale. off in the da_ta with the theor?t_'cal pre(_jlctlons. The
effect of gravity has been explicitly considered for the
. . case of pure fluids [8], but the results can be easil
elements is 27 mm, and this sets the clear aperture of ﬂ}ﬁlplicateg for binary r[r1i1(tures near a critical point, Wherey
stressed sample. the relevant variable is the concentratmnAs customary,

The choice of the liquid mixture is also very peculiar. : : :
In order to make the NE fluctuations as large as possibl one introduces & dependent Rayleigh number ratio

THERMAL

RESERVOIR PELTIER s

THERMAL PELTIER

RESERVOIR

we searched for a mixture with a large Soret effect. Le (9)/R.,
us briefly recall that this off-diagonal effect produces at R(g) _  PBkrg - VT
steady state a concentration gradi€ntas the result of an R, vDTq*

applied temperature gradient : whereR, is the appropriate threshold value for the onset

kr of the convective instability when heating from below
Ve = =7 VI' = =Srcle = DVT, @ 1121 Also, B = pfl(ap/ayc)ﬂ, D is the diffusion
whereky is the thermal diffusion ratioS; the Soret co- coefficient, andv is the kinematic viscosityg being
efficient, c the mass concentration of the heavier compothe gravity acceleration. Notice that by heating from
nent, andT the average sample temperature. Usually th@bove R(q)/R. is negative. The contribution to the
effect is that the denser component migrates to the colgcattered intensity distribution due to the nonequilibrium
plate. Itis known [11] that; diverges at a critical conso- fluctuations is given by [7]
lation point,k; = constX (T — T.)~¢, with ¢ = 0.73.

* 2
It should be mentioned that this divergence exactly bal- I(q) = A W; , (3)
ances the vanishing of the mass diffusion coefficint I = R(g)/Rc ¢

and thereforeky;D = const. As we will show later, if
one considers the expressions for the scattered intensity
from NE fluctuations [see Eq. (3)] and takes into account
the above indicated divergences, one easily realizes that
although it is profitable to exploit the generally large Soret
effect of critical fluids, there is no advantage in going very E
close toT., since necessaripT = T, — T, (T, andT, S 100k
are the upper and lower temperatures, respectively) has to S
be smaller tharf — T., and the benefit of a largl; is T10'L  Equilibrium scattering
countered by the smaVlIT applicable. The best compro- ~ | TT=I10K,VT=0
mise was found operating @,. = (T; + T,)/2 roughly 10%F  (calculated) \
10 K away fromT,.. Attempts have been done with in-
creasing values aA T, and reasonably good data could be w0 1
obtained by applying a rather severe value. We settled g
for AT = 16 K. Of course such a large value makes the 10"102 T T
concentration gradient nonuniform, but this is the price to
pay to make the effect visible at all.
The data have been collected according to the followingFIG. 2. Plot of the scattered intensit§(g) vs scattering

procedure. The cell was brought under isothermal conwave vectorq. The solid line through the data is a best

ditions atT,e — 7. ~ 10 K, and then blank stray light fit of the nonequilibrium data with Eq. (3). Roll-off position

. _ - \ Y
contributions were measured. The gradient was then ar'i it zq; /q 53=7 g r(?lZICn’-]r heTﬁgrrgsgﬁ:g '?gm%)écrg?gfensgrgraeieﬁ:
o . .

plied, and we waited for the system to reach stationarys 163 K/cm. The dashed line is the equilibrium scattered
conditions. Blank measurements were properly subtracteidtensity calculated from reference data (see text).

Non-equilibrium
scattering 4
VT=163 K/cm

qem’)
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where A = (a,u/ac),,,quzr/vDT2 is the sample depen- strument, since the integrated scattered power must equal
dent quantity that controls the amplitude of nonequilib-the beam power loss (the choice of the index matched filter
rium scattering contributions. The term— R(g)/R. de- as a sample is accidental). What one needs is the scattered
scribing the gravity-induced quench has been introducethtensity profile and the beam attenuation. The shape of
in analogy to the formula for pure fluids. Also, some sim-the intensity distribution is irrelevant, provided (almost)
plifications apply close to a consolute critical point, andall the scattered power gets collected by the sensor). This
the expression becomes considerably simpler than for thallows us to calculate and draw on the same plot the in-
ordinary liquid mixtures [7]. tensity distribution of the light scattered from an isother-
Notice that when|R(q)/R.| < 1 Eg. (3) accounts mal critical fluid at the average temperatufe— 7, =
for the classicaVc?/q¢* dependence of NE fluctuations 10 K and the distribution when the temperature gradient
and forR(g)/R. < —1, the scattered intensity becomesis applied.
independent ofg, and it scales withVc. Also, if one The procedure is as follows. The scattered intensity
works out the algebra of the various divergences, onérom an equilibrium critical fluid is described by the
finds that there is no advantage in acquiring data clos€isher-Burford function/(q) = B/[1 + (¢&)?], whereB
to the critical point, as discussed previously. is a constant and is the long range correlation func-
The roll-off occurs aR(g,,)/R. = —1, and let us com- tion [15]. We get the reference valueBt— 7. = 10 K
pare the experimental value a@f, with the theoretical [16] ¢ = 1.9 X 1077 cm. We then adjust the constant
predictions. All the quantities entering into Eq. (2) canB so that the integrated scattered intensity is consistent
be derived from the literature [11,13]. We find that thewith the reference [16] value for the turbidify = 3.4 X
fitting of the data givesy,, = 537 cm™!, while the theo- 1072 cm™!. In other words, by integrating the equilib-
retical value ist10 cm~!. The agreement is more than sat- rium scattering curve we calculated, we fl@&until the
isfactory, since, as discussed above, both temperature abdam attenuation is quantitatively the one calculated from
concentration vary in the cell, and the above estimate basedference data. We estimate that the uncertainty in lo-
on Eq. (2) has been determined for the average value in theating this curve is less than 20%, and this is more than
cell. Itshould be pointed out, however, that dug fpower  adequate for the analysis here.
law dependence af,, on the sample parameters and tem- The equilibrium scattering curve is displayed in Fig. 2
perature gradient, the numerical estimate is very insensitiveith the dashed line together with the nonequilibrium
to possible variations of the thermodynamic variables. Aglata. One can immediately appreciate the staggering
an example, the overall variation of the parameters alonghange in the scattering intensity levels at low wave vec-
the entire temperature range, and assuming for simplicitjors between equilibrium and nonequilibrium conditions.
a quasicritical isochore path, would lead to a variation ofAs it can be noticed, the equilibrium intensity distribution

gro Of less than a factor of 2. is constant, sincd/& =5 X 10° cm™! is well outside
We will now compare the intensity of the nonequilib- the instrumental range. _ N
rium scattered light with the theoretical predictions. We can compare the relative position of the two

We have to stress that the signal to noise ratio gets pogurves in Fig. 2 with the theoretical predictions. This
at both the extremes of the range. At lagythe noise is comparison is rather difficult, since both temperature and
due to the precipitous decreaseldf), while at smallg ~ concentration change as a function of height, and all
it is due to the small solid angle of collection of the innerthe relevant parameters depend on these variables. For
scattering channels. This is a typical difficulty with all simplicity we will assume that all the parameters retain
the very low angle static light scattering schemes. As dheir value at the average temperature and at the critical
consequence of the limitations due to stray light, we haveoncentration.
been unable to assess the scattering from an equilibrium, Again, using reference values in the expression for
isothermal sample at the average temperature. Sindbe constant}, we find A} = 1.5 X 10! K~2cm™2, to
the comparison between the data at equilibrium and thbe compared with the valué; = 7.2 x 10" K™>cm™?

NE data is very interesting because it permits a direcextracted from the data in Fig. 2. The agreement is
comparison of the data with the theory, we have attemptewithin an order of 5, which can be considered as very
to remedy this difficulty in the following way. satisfactory. An accurate calculation would be very

The instrument has been calibrated by obtaining a lighdifficult. We point out here that there are two opposing
scattering curve from a reference sample. This was a ceeffects to be considered. The layers closef toshould
lulose filter membrane immersed in quasi-index-matchingxhibit a rather strong increase of the Soret driven
fluid [14]. The largeq decay follows a strong power law, concentration gradient and hence in the scattered intensity
and virtually all the scattered power is collected by the(most of the NE scattered light would come from the
sensor. The beam attenuation is of the order of 37% anl@yers close to the colder plate, the nearest to the
could therefore be reliably determined. We are then in theritical temperature). On the contrary, in reality, the
position to calibrate the scattered intensity scale of the inconcentration also changes away from critical, and this

1486



VOLUME 77, NUMBER 8 PHYSICAL REVIEW LETTERS 19 AcusT 1996

counteracts the changes that one would guess should bg] D. Ronis and I. Procaccia, Phys. Rev.28, 1812 (1982).
concentration be critical everywhere. [3] B.M. Law, R.W. Gammon, and J.V. Sengers, Phys. Rev.
In concluding, we point out some strong ties with a ger-  Lett. 60, 1554 (1988).

mane subject, that is buoyancy driven instabilities. The [4] B-M. Law, P.N. Segré, R.W. Gammon, and J.V. Sengers,
roll-off in this experiment is due to the fact that by heating Phys. Rev. M1, 816 (1990).
from above gravity actually discourages long wavelength [5] P.N. Segré, R.W. Gammon, J.V. Sengers, and B. M. Law,
fluctuations. When heating from beloR(q)/R. > 0] Phys. Rev. A5, 714 (1992).

. ) . ¢ . [6] P.N. Segré, R.W. Gammon, and J. V. Sengers, Phys. Rev.
gravity actually encourages fluctuations that appear to di- " g 47, 1026 (1993).
verge at threshold [see Eq. (2)]. In a recent beautiful ex-[7] w.B. Li, P.N. Segre, R.W. Gammon, and J.V. Sengers,
periment by Wu, Ahlers, and Cannell [17] a shadowgraph  ~ physica (Amsterdang04A, 399 (1994).
technique has been used to visualize and measure thg8] P.N. Segré, R. Schmitz, and J.V. Sengers, Physica
nonequilibrium fluctuations in a thin (0.468 mm) layer of (Amsterdam)195A, 31 (1993).
fluid heated from below. In that case pretransitional fluc- [9] P.N. Segre and J. V. Sengers, Physica (Amsterdeg8p,
tuations get greatly enhanced around the wave vector of 46 (1993).
the instability platform. The data do show the divergencd10l M. Carpineti, F. Ferri, M. Giglio, E. Paganini, and U.
of the fluctuations as the threshold is approached. In the _ Perini, Phys. Rev. A2, 7347 (1990).
present experiment the opposite occurs and the fluctu 11] M. Giglio and A. Vendramini, Phys. Rev. Let84, 561

tions are quenched. It is interesting to notice that low an; (1975).
i ina | PR, ; [)12] M. G. Verlarde and R.S. Schechler, Phys. Fluléds 1707
gle light scattering has been pushed in this experiment t (1972).

such long wavelength fluctuations that it can almost covef;3) G. Arcovito, C. Faloci, M. Roberti, and L. Mistura, Phys.

length scales that are more traditionally covered by phase ~ Rev. Lett.22, 1040 (1969).

sensitive techniques such as shadowgraph and schliereni4] L. Cipelletti, M. Carpineti, and M. Giglio, Physica
We acknowledge early discussions on this topic with (Amsterdam) (to be published).

Phil Segré and Jan Sengers. We thank M. Carpineti and5] H.E. Stanley, Introduction to Phase Transitions and

L. Cipelletti for some help with the scattering machine, Critical PhenomengOxford University Press, New York,

and L. Cipelletti again for the thermal simulation of the 1971). _

scattering cell. Financial support from the Italian Ministry [16] P. Caimettes, I Lagues, and C. Laj, Phys. Rev. L24.

? ; 478 (1972).
ﬁ;}%%ﬂ;ﬁfﬁégﬂgﬁi}\:?mh (MURST) as well from the[17] M. Wu, G. Ahlers, and D. S. Cannell, Phys. Rev. L&8,

1743 (1995).

[1] T.R. Kirkpatrick, E.G.D. Cohen, and J.R. Dorfman,
Phys. Rev. A26, 995 (1982).

1487



