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Measurements of the time-dependent correlation function for small-angle scattering
of visible light by the interface in a fluid mixture to within 3 x10™%K of its critical tem-
perature T, have revealed thermal excitations with exponential relaxation times 7 up to
about 20 sec. Analysis has shown that 7 varies inversely as the wave number @ and di-
verges on approaching the critical temperature as (1—T/TC)"1'27. Identification of 7
with viscous damping of hydrodynamic waves on the interface permits determination of
the critical behavior of the shear viscosity which is found to be at most only weakly di-

vergent.

By measuring the real-time correlation func-
tion of the light scattered from the interface be-
tween the two fluids in equilibrium in binary mix-
tures just below the critical temperature T, we
have directly observed thermal-equilibrium inter-
face fluctuations having relaxation times 7 extend-
ing to many seconds near T.. By combining these
new observations with recent interfacial energy
measurements, we have determined the behavior
of the shear viscosity very close to the critical
point for comparison with the disparate predic-
tions of dynamic scaling! and modified mean-field
theories.?”®* Our measurements extended to tem-
peratures within 0.003°K of 7', (T, =45.14°C).

Our correlation times included the range 0.005
< 7/2<10 sec which is equivalent to a spectral
resolution of better than 1/10' for scattering of
visible light.

Excitations of a free fluid surface having the
properties of capillary gravitational surface
waves (ripplons)* are well known: The disper-
sion relations are available®s®; the spectrum of
thermal excitations has been calculated,” and in-
elastic scattering of light from the waves has
been accomplished® and confirmed.® Free-sur-
face results are generally consistent with known
fluid properties, and experiments have been re-
cently extended to noncritical fluid interfaces.®
What we have found are similar excitations on the
critical interface in a binary mixture, where the
interfacial free energy (surface tension) and the
density difference Ap vanish as T~ T ., leaving
viscous forces to dominate the observable inter-
facial excitations and producing dramatic “criti-
cal slowing down” of their timé variations.
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These interfacial excitations can be represent-
ed by local variations of the height of the inter-
face expandable in the form &=A4e/*¢ Y7, The
appropriate dispersion relation of these excita-
tions (neglecting the gravitational effects and as-
suming equal shear viscosities 1, =7, =7 for the
two coexisting phases) can be written in the di-
mensionless form?0,13,1

S24+2S[1+(1+28)Y2])+y=0, 1)

where ¥ =wy27,2, 7,=p/2nQ%, and w,?=0Q°/2p,
with p = 3(o, +p,) the average of the densities p,
and p, of the two phases, o the interfacial surface
tension, and @ the wave number.

For y>0.155, the two roots S’ +iS” of Eq. (1)
are complex, describing propagating wave motion
with frequency w=-S"/7, and decay time 7/ = -7,/
S’. For y<0.155, the two roots S, and S, are
real and negative, corresponding to nonpropagat-
ing, exponentially relaxing excitations described
by the autocorrelation function

kT

G@,t) =;“Q£a'(51—52)‘I(Szes”/m—sleszt/m): 2)

where & is Boltzmann’s constant, T the absolute
temperature, and A the area.® In the limit y
<«0.155, the time constants 7, and 7, of the two
relaxation modes are
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Equations (3) and (4) show that measurements
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of the exponential relaxation times of the over-
damped excitations combined with measurements
of the interfacial energy o yield the shear viscos-
ity 7 in the critical region. Thus, we studied the
system cyclohexane-methanol in which Warren
and Webb!® had recently measured o in the criti-
cal region. We had previously measured the tem-
perature dependence of the intensity of the specu-
lar reflection in this system in order to study the
diffuse transition zone at the interface.'®s!" In
the present experiments we observed the light
scattered by interface excitations®® in nonspecu-
lar directions such that 1025Q <10° cm ! and
measured its time dependence C(Q,¢), which is
proportional to [G(Q,#)]2.

The measurement of C(Q,¢) was performed as
follows: The light beam from a 1-mW He-Ne la-
ser is totally reflected from the interface of a
suitably thermostated, previously prepared,
high-purity sample of the critical mixture.'” The
diffuse scattered intensity is measured with a
photomultiplier located by a cathetometer and
screened by a pinhole to define the angular reso-
lution of the detecting system to better than 5
X107 rad. The output of the phototube is ampli-
fied by a wide-band dc amplifier and recorded in
the frequency-modulated mode on magnetic tape
with a recorder providing uniform, linear re-
sponse from 0 to 2.5 kHz at a signal-to-noise ra-
tio >40 dB. The data recorded over times of ~15
min were then digitized by a fast analog-to-digi-
tal converter and analyzed with the help of an
IBM-1800 computer to determine

C(Q,t)=—T1 L@, t)-T@)]
0
x[1@,t' +¢)-T@)lat’, (5)

where
r@)=5[1@Q,tar ©)

and I is the photomultiplier current proportional
to light intensity. This procedure is capable of
high effective spectral resolution, tolerates large
dc signals, and is easily set up. Thus it offers
advantages over pulse correlation and heterodyne
spectroscopy. We have tested for and excluded
spurious experimental effects on C(Q,?) due to
optical geometry, bulk scattering, and laser heat-
ing.

Several illustrative results are shown in Fig. 1,
where C(®,t), as traced from the graphical print
out of the computer, is plotted against the time
delay ¢. At AT £0.5°C, C(Q,?) displays a near-

c(t)

FIG. 1. Real-time correlation functions C{) are plot-
ted against time delay t. Curve A illustrates single ex-
ponential relaxation modes at AT ~0.23°C. The closed
circles represent the theoretical exponential fit with a
relaxation time 37;. Curve B shows two exponential re-
laxation modes at AT ~0.75°C; the rounded top near ¢
~0 is an effect of the second relaxation mode. The
scale of ¢ for curve B is 4y of curve A. Curve C exhib-
its the characteristic oscillatory behavior of C(¢) at AT
~1.3°C. The scale of t for curve C is 3 of curve B.
Bars indicate uncertainties.

perfect single exponential decay as shown by
curve A (the theoretical fit is expressed by the
closed circles). At slightly lower temperatures
(0.7°C< AT <1.0°C), the second relaxation mode
corresponding to S, in Egs. (1) and (2) also be-
comes significant as shown in curve B. Here the
amplitude of the second relaxation mode is about
9% of the first relaxation mode. AtT.-T>1.3°C
we begin to see underdamped waves, and C(Q,1)
displays characteristic oscillatory behavior as
shown in curve C. We have measured the values
of 7, as a function of the incident and scattering
angles which determine the magnitude of the wave
vector @ of the ripplons that scatter light in the
direction (0, ®). The angular dependence of T,
yields the @ dependence of 7,(Q,AT).? The re-
sults are shown in Fig. 2. It is quite clear that
7,(Q, AT) varies inversely as €, precisely in ac-
cord with the theoretical prediction for the over-
damped interfacial waves.®»®3

The various sets of data in Fig. 2 correspond
to various temperatures. Thus the temperature
dependence of 7, can be presented by taking the
values of 7,(Q,AT) at an arbitrary value of @ (220
cm ') and plotting them against AT, as shown on
a log-log scale in Fig. 3. We find a straight-line
fit such that 7, < (T ,=T)"%", where Q*=1.27+0.03.
Since Eq. (3) shows that no« 70, and Warren and
Webb!® have found that 0 < AT¥, where pu=1,23
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FIG. 2. The time constant 74 corresponding to the
principal relaxation mode is plotted against wave vec-
tor @ at the various temperatures. The solid lines are
drawn with slopes of —1. The dotted line indicates the
value of @ selected for Fig. 3. Closed points are used
to distinguish several closely spaced temperatures.

+0.02 for the same system, we conclude that

T (—Q* +p) T 0.04 +0.05
n="n, <1 —7,—> = 770<1 —7—> , (7)
C, c

assuming an uncertainty of +0.0015°C in 7'.. Thus
the average shear viscosity of the critical binary
mixture seems to exhibit an extremely weak di-
vergence, if any. 7, works out to be 0,034+ 0.02
P, which is in agreement with expected values
outside the critical region.

We have also measured the angular distribution
of the diffuse scattered intensity and have found

that dI/d®2, the diffuse intensity per unit solid an- -

gle, has the correct magnitude and is inversely
proportional to @2 as predicted by Mandelstam’s
theory” of the thermal excitations on liquid sur-
faces. The theory™!! also predicts the tempera-
ture dependence dI/dQ <o ™' oc (AT)™*, depending
on the surface tension alone in the case of total
reflection. We found that dI/dQ2 cc AT 712%0-2 i
agreement with the critical exponent —u =-1,23
+0.02 measured by Warren and Webb.'® Determi-
nation of the relative intensities at small AT
were complicated by the turbidity of the system.
At AT ~0.01°C, only 3% of the incident light pass-
es through a 5-cm-thick cell because of the
strong critical scattering. However, we were
able to correct for the losses due to turbidity,
which we have measured and found in agreement
with other published measurements.®

These experiments have established the exis-
tence of persistent excitations of the critical in-
terface that are increasingly damped as T~ T,
with the dominant relaxation time diverging as 7,

162

P

7,(sec)
1 ]1111'

0.

T IIYTTII_
/

N

P .\.“

T 4“..".:)_2 T |
T-T (°C)

FIG. 3. The time constants 7; corresponding to the
selected value =220 cm™! are plotted against AT on
a log-log scale. The solid line represents the best
least-squares-fit straight line with slope —Q*=1.27
+0.03.

S
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=70, (1-T/T,)™"", where @7,,=(18+0.2)x10"*
sec cm * and 2*%=1.27+0.03. For @ =220 cm 7,
Top =8.20X107° sec.

Assuming that these excitations are correctly
described by macroscopic hydrodynamic theory
as interfacial “waves” subject to viscous damp-
ing, the critical slowing down is due to relative
weakening of the interfacial tension forces as T
— T, and not due to a critical divergence of the
shear viscosity which appears to be no more than
very weakly divergent. Earlier experiments
much farther from 7', in a similar system had
shown up to 15% increases of 7.2° The absence
of a strong divergence of the shear viscosity is
entirely consistent with Swift’s dynamic-scaling
prediction! but not with earlier predictions®»® of
mean-field theories which suggest readily detect-
able divergences.

Our identification of the interface excitations
as overdamped hydrodynamic interfacial waves
seems to be established by the complete consis-
tency of the magnitude and the @ dependence of
7,, the appearance of the second relaxation time
with the correct magnitude, and the transition to
the propagating wave mode precisely as expected.
That these excitations have nearly thermal equi-
librium distribution is demonstrated by the abso-
lute magnitude, the @ dependence, and the tem-
perature dependence of dI/dS.

Finally, we should note that the diffuse nature
of the critical interface that we have previously
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discovered'” seems to play no role in these ex-
citations, probably because the dominant interfa-
cial inhomogeneities contributing diffuseness
have characteristic lengths like the coherence
length £ which is much smaller than the wave-
lengths and the depth of the moving layers in the
excitations involved in these experiments. It
seems unlikely that the diffuse interface struc-
ture has concealed a divergence of the shear vis-
cosity since it could only introduce an alterna-
tive, diffusive relaxation mechanism in the inter-
face that would be expected to vanishas T~T,
revealing any divergence of 7.
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Subsequent to submission of this Letter, mea-
surements of the shear viscosity n above T . have
been reported by Arcovito, Falaci, Roberti, and
Mistura, who find a weak divergence of An above
T, in a system (cyclohexane-analine) very sim-
ilar to ours. It was analyzed as a logarithmical-
ly diverging term An(T') superimposed on a mono-
tonic term n’. We find that these data are also
consistent with a weak-power-law divergence 7
~AT ~0:07£0.015 " pyrthermore, we note that the
form we chose, n~AT ™ °°* to present our re-
sults below T, can be represented accurately by
a logarithmic divergence of An=n-n'=-AIn(1-T/
T.)+B, with A=0.13 and B= -0.61. We believe
that neither set of data has distinguished between

a logarithmically divergent term in n and a weak-
power-law divergence.
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An experimental method of perturbation about a nonlinear equilibrium state is em-
ployed to examine linear growth rates and nonlinear saturation coefficients. This pro-
cedure is illustrated by the experimental investigation of finite-amplitude unstable-col-
lisional drift waves in a highly ionized plasma. Preliminary experimental results are
compared with existing linear and nonlinear theories.

We wish to report an experimental method of
measuring both the linear growth rate and the
nonlinear saturation rates of an unstable mode.

Recently, various authors have begun to investi-
gate the nonlinear saturation mechanisms-—such
as mode-mode coupling,' wave-particle scatter-
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