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scattering regime, (dP/dO)l does not fall off with
energy. Thus, if the spectrometer resolution
can be maintained at higher energies, explicit
contact with multiple-scattering calculations such
as those reported here may prove more fruitful
than attempts to interpret data taken at very low
energies, especially in the absence of a more
complete treatment of the dipole-scattering term.
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By use of light scattering techniques a careful investigation has been made of the time
dependence of the concentration Qudtuations near the critical point of a binary liquid
mixture. The experiments reveal deviations from exponential decay of these fluctua-
tions at temperatures within 20 mdeg from the critical temperature. The observed
deviations from exponential decay are in agreement with a recent theoretical predic-
tion of Bhattacharjee and Ferrell.

This Letter is concerned with the time depen-
dence of the order-parameter fluctuations in
fluids close to the critical point. An early ex-
perimental study, made by Volochine, Berge,
and Lagues, ' indicated that the relaxation of the
concentration fluctuations of a binary liquid re-
mained exponential even at temperatures within
3 mK from the critical temperature. ' However,
when it was established that the magnitude of the
decay rate of the fluctuations was measurably af-
fected by the critical viscosity anomaly, ' Perl
and Ferrell predicted that the memory effects in
the viscosity should also induce a non-Lorentzian
distortion of the Rayleigh line. ' A possible fre-
quency dependence of the decay rate of the order-
parameter fluctuations has also been mentioned
by Kawasaki and eo-workers. "'

A first attempt to measure the effect was made
by Bendjaballah. ' He concluded that any nonex-
ponential decay due to the frequency dependence
of the viscosity was quite small and within the

resolution of his experiments. A similar eonelu-
sion was obtained by Wonica, Swinney, and Cum-
mins' and, more recently, by Sorensen, Mockler,
and O' Sullivan. ' These authors were motivated
by the large departure from exponential decay
predicted by the dynamic droplet model, but
which was not observed. The question remains
whether smaller departures from exponential de-
cay due to the frequency dependence of the vis-
cosity can be detected experimentally.

By modifying a light scattering facility, pre-
viously constructed for an accurate determina-
tion of the static critical correlation function, '
and cross-correlating the scattered light inten-
sity as registered by two different photomultiplier
tubes, we have indeed detected the presence of
departures from exponential decay in the time-
dependent correlation function of the concentra-
tion fluctuations close to the critical point of a
binary liquid. The experimental results differ
qualitatively and quantitatively from the effect
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TABLE I. Observed normalized second cumulant
Im'2 for the correlation function near the critical point.
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FIG. l. Schematic representation of the arrange-
ment for detecting the scattered light.

predicted by Qhta and Kamasaki, ' but can be ex-
plained as arising from the frequency dependence
of the critical viscosity as recently proposed by
Bhattacharjee and Ferrell. "

The experiment was conducted in the binary
liquid 3-methylpentane-nitroethane with the same
sample in mhich the static critical correlation
function was determined previously. ' The inci-
dent laser light, after passing through an inten-
sity stabilizer consisting of a variable attenuator,
and a servo loop, mas focused at the center of
the sample by a lens with a focal length of 7.5
cm. The light scattered at 90' mas directed to
two different photomultiplier tubes with the aid
of a beam splitter as indicated in Fig. 1. The out-
puts of the two channeltrons mere cross-corre-
lated by use of a clipped correlator with 128 chan-
nels and a time base of 2 p, s per channel. This
procedure eliminated to first order the effects
upon the measurement of after-pulsing in the pho-
tomultiplier tubes.

The actual quantity measured experimentally is
the intensity correlation function G~'i (7). Since
the scattering volume V= 10 ' mm' satisfies the
condition V» $', where $ - 420 mm is the corre-
lation length, the electric field correlation func-
tion squared, IG' (T)I', is proportional to G' (v)
minus the base line. " It is imperative that the
base line be determined accurately, since an er-
ror in the base line mould introduce an apparent
deviation from exponential decay. One can deter-
mine the base line experimentally in tmo ways.
The first way is to measure the intensity corre-
lation function at v. —~; in practice me deter-

mined the base line from the number of counts in
the 128th channel which has a delay time corre-
sponding to 10 decay constants. The second meth-
od is to deduce the base line from the total num-
ber of incident counts, the total number of clipped
counts, and the time of an experimental run. The
two determinations of the base line agreed within
their statistical uncertainty of 0.054%, the sec-
ond method being slightly more accurate.

Near the critical point of the binary liquid un-
der consideration, the electric field correlation
function is proportional to the concentration cor-
relation function. ' Preliminary autocorrelation
function measurements using one photomultiplier
tube indicated deviations from exponential decay
when the critical temperature was approached to
within 20 mK. Therefore, the cross-correlation
experiments were conducted at temperatures with-
in this range of 20 mK from the critical tempera-
ture T~. A test experiment with thermal light
confirmed the absence of any undesirable effects
such as after-pulsing in our cross-correlation
scheme.

The data are analyzed by considering the func-
tion tc(T) =[B 'G' (T) —1]'"=Pig' (v) I, where B
is the base line and g' (T) the normalized electric
field correlation. An expansion of ~(r) to second
order in 7

inc(T) =c K,T +eK,T—
'

yields a normalized second cumulant k, =K,/K, '
which is a measure of the deviation from expo-
nential of the correlation function, "while e =ling
is an instrumental constant related to the coher-
ence area of the scattered light. The normalized
second cumulants obtained from our experimen-
tal data are listed in Table I as a function of tem-
perature; the uncertainties quoted represent tuo
standard deviations. The experiments were per-
formed with an illuminating laser power of 1 mW.
It was verified that the same results mere ob-
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tained with larger laser powers up to 7 mW, pro-
vided a temperature correction was made for lo-
cal heating effects. ' From the data in Table I it
is seen that k, starts to deviate from zero at &T
=T -T, =20 mK, increasing to a level of about
0.03 at a few millidegrees from T, .

Before interpreting the experimental data a
number of instrumental sources that possibly
could lead to apparent deviations from exponen-
tial decay need to be considered. Upon approach-
ing the critical point the scattered light intensity
increases rapidly and multiple scattering is also
known to cause deviations from exponential de-
cay." For our experiment the effect was ana-
lyzed by Ferrell and Bhattacharjee. " Because
of the small cross section for light scattering of
the 3-methylpentane-nitroethane mixture, ' it was
found that for our light scattering geometry mul-
tiple scattering contributes a maximum amount
of 0.004 to k, at T =T, .

In principle, light may be scattered not only
from the incident beam, but also from a beam
reflected at the cell wall causing another distor-
tion of the observed line shape. This effect van-
ishes at a 90 scattering angle; allowing for the
instrumental uncertainties in the alignment, this
effect upon k, was less than 8~10 '. Other pos-
sible sources of distortion are heterodyning be-
tween the scattered and reflected beams and sec-
ond-order after-pulsing effects not eliminated by
the cross-correlating procedure. Again these ef-
fects could be estimated and were found to con-
tribute at most 0.005 to 0,. The data quoted in
Table I have been corrected for the aforemen-
tioned effects, while any errors due to an uncer-
tainty in the base line are within + 0.005. We con-
clude that the observed effects indeed represent
a departure from exponential decay of the concen-
tration correlation function.

Ohta and Kawasaki considered the Fourier
transform of the order-parameter correlation
function g ') (~) ~ [i~ +I + Q(&u) ] ' and derived an
expression for the limiting frequency-dependent
contribution Q(co) to the decay rate. ' Evaluating

!

their expression, with the known physical proper-
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FIG. 2. Experimental data for [G'(v) j 2 as a function
of + ff7 (+ ff 3682 s ') with &7 = 1.8 mK.

ties of our mixture, inverting g' (&u) to obtain
g(')(r), and performing a cumulant analysis on
the calculated values for g '(r), we obtain 0,
= —0.006. This result is smaller than the ob-
served value k =0.03 and has even the opposite
sign.

The theory was therefore reconsidered by
Bhattacharjee and Ferrell who made an analysis
of the effect of the frequency dependence of the
viscosity on the correlation function. " Intro-
ducing the deviation function

b. Irg ' (r) =Inc(r) —@+Ir, (2)

where I' is the decay rate in the absence of any
memory effects, they predict

& Irg" (t)
= Yix~(H(t) +[Z+vr/v3I'(2) i3]t ~C (t)) (3)

in terms of the dimensionless variable t =I 7.
Here x„ is the critical exponent for the viscosi-
ty, "while y =0.577 is Euler's constant. The
function H(t) is given by

H(t) =tint+-,'(1+(qg) ')'"(t —t"'),
where q is the wave number. The function C„(t)
can be expanded in powers of t yielding [the func-
tion C„(t) is related to the function B„(t) of Bhat-
tarcharjee and Ferrell" by B„(t)=d'C„(t)/dt']:

(3b)

=1.8 mK which is the temperature closest to T,
at which the experiment was performed. In Fig.
2 we show [ G ' (T)]' determined experimentally
as a function of I',ffT, where I', ff =3682 s ' is the

C„(t) =0.221t+(1+-,'so) 2t'+(1+so ——,'so') 2t'+(-,' +-,'so ——,'so'+, s,'),t' —t' '[ ',t'+, ot'+2—',ot'-]-
with s, =l (-3) '=0.403.

Since the theory is concerned with the time de-
pendence of the correlation function asymptotical-
ly close to the critical point, we focus here our
attention on the experimental data obtained at 4T
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from exponential decay can indeed be attributed
to the memory effects predicted by Bhattacharjee
and Ferrell. "

The authors are indebted to C. 0. Alley for en-
abling us to use some of his laboratory facilities
and to J. K. Bhattacharjee and R. A. Ferrell for
their assistance in the interpretation of the data.
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puter Science Center of the University of Mary-
land.

FIG. 3. Deviations Ding '~ as a function of t = I 7 with
~T = 1.8 mK. The circles represent the experimental
data and the curve represents the deviations predicted
by the theory of Bhattaoharjee and Ferrell.

mean effective decay rate. This correlation func-
tion was obtained from seven runs yielding 7 mil-
lion counts in the first channel of which about 3

belonged to the base line.
In order to compare the experimentally ob-

served time dependence with (3), we took x„
=0.065 as calculated from the dynamic renormal-
ization group theory, "as well as from the mode-
coupling theory, "to second order in e. This val-
ue is in good agreement with the values 0.062 and
0.063 which we deduced from the experimental
viscosity data of Stein, Allegra, and Allen" and
Tsai and McIntyre, "as earlier noted by.other
investigators. ""We emphasize that Eq. (3) al-
lows us to calculate 6 Ing "(t) without any adjust-
able constants. The quantities to be deduced
from the experiment are the decay rate 1" in the
absence of any memory effects and c. For this
purpose we took as an initial guess I' =I,ff, de-
ducted the deviations predicted by (3) from the
experimental data, and fit the remainder to an
exponential decay law. The procedure, when
iterated, converged rapidly, yielding I' =3629 s '.
In Fig. 3 we show the experimental deviations
& Iqg '~(T) as defined by (2). The curve in this
figure represents the theory, Eq. (3). If we ap-
proximate this theoretical formula over the time
interval of our experiment by a cumulant expan-
sion, we obtain 0,= 0.030 in good agreement with
the value k, =0.033 + 0.008 observed experimental-
ly. We conclude that the measured departures
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