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Study of Phase Separation in a Critical Binary Liquid Mixture: Spinodal Decomposition*
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Light scattering has been used to study phase separation near the critical point in a bi-
nary mixture of methanol and cyclohexane. The intensity measurements are in confor-
mity with the spinodal decomposition theory of Cahn. Measurements were also made of
the spectral width of the scattered light in the phase separation process.

We report here a light-scattering study of the
dynamic behavior of a binary liquid mixture un-
dergoing phase separation near the critical point.
The parameters measured were the light inten-
sity and the inverse lifetime of the concentration
fluctuations. Our intensity measurements in the
early stages of the phase separation process ax e
in striking conformity with the linearized spinod-
al decomposition theory of Cahn. ' ' To our knowl-

edge, this is the first observation of spinodal de-
composition (SD) in a fluid and also the first mea-
surement of temporal fluctuations in the spinodal
region. We have found that by working very near
the critical point in a binary mixture, it is pos-
sible to achieve a sufficiently small value of the
concentration diffusivity so that the SD process
takes place over a time of the order of minutes.
En the past, spinodal decomposition has been stud-
ied in glasses and metallic alloys. ~'~

Our experiments were carried out in a critical
mixture of methanol and cyclohexane sealed in a
cylindrical glass tube. The beam of a 15-m% He-
Ne laser was passed through the center of the
sample, which was positioned in a water bath of
temperature stability over a 15-min period bet-
ter than 0.4 mK. In a typical run, the bath tem-
perature was stabilized at a temperature T =T,
+ 1 mK and then quickly dropped to about 2 mK
below its critical value T, = 45.14'C. Photomulti-
pliers placed on both sides of the transmitted
beam at small scattering angles 8 (0.02» 8~ 0.07
rad) registered the scattered light intensity fol-
lowing this temperature drop. Alternatively the
scattered light intensity was registered on photo-
graphic film. A typical measurement of the lat-
ter type is shown in Fig. 1. The dominant fea-
ture of this photograph is the presence of a ring
of granular appearance. The dark spot at the
center of the ring (8=0) is produced by the un-
st:attered laser beam. The radius of the ring
corresponds to a scattering angle of 8=0.05 rad
or photon momentum transfer k=—2kosin8/2 =7

~10' cm ', where k, is the wave number of the
laser beam in the mixture. This ring, which is
the hallmark of spinodal decomposition, develops
in roughly 1 min after the temperature drop and
persists at its initial diameter for a time of the
order of minutes before collapsing in diameter
and finally disappearing at 8 = 0. Its persistence
time decreases with increasing depth of quench.
All of the above qualitative observations are in
accord with the predictions of SD theory. ' The
lifetime 7, of the granular intensity fluctuations
of Fig. 1 was of the order of several seconds
within the ring and a fraction of a second at both
larger and smaller values of scattering angle.

In what follows we will be concerned with both
the light intensity f„(t)at momentum transfer k,
and its average over azimuthal angle (and hence
over the size of the grains). This angular aver-
age, which we denote as (I, (t)), may alternative-
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FIG. 1. Far-field scattering pattern. from a binary
liquid undergoing phase separation, presumably by
spinodal decomposition. The diameter of the granular
ring subtends an. angle of approximately 0.1 rad. The
central spot is the unscattered laser beam. The wave-
length used was 6328 A.
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ly be viewed as a time average over intervals
long compared to 7, but short compared to the
growth time of the ring. In the Born approxima-
tion II, (f) ~ I 5c, (f) I', where 5c~ is the kth compo-
nent of concentration fluctuation in the system.

Cahn's theory in its linear form predicts that

(I, (f)) ~exp[2R(k) f],
where

O

R(k) = Mk2[-(82f/Bc2)~ r+2Ak2]. (2)

Here f is the free energy density in erg/cm', M
is the mobility in erg ' cm ' sec ', and the num-
ber concentration c is in units of reciprocal vol-
ume. The parameter E is a measure of the sur-
face energy of the system. In the Ginsburg-Lan-
dau theory it is expected to depend only weakly
on temperature (the thermodynamic assumptions
which enter Cahn's theory are identical to those
of the Ginsburg-Landau theory). The concentra-
tion diffusivity of the mixture is D =M(8'f/Bc')~ r
In cyclohexane-methanol' along the line of criti-
cal composition in the one-phase region, D =D,&',
where e=—(T, —T)/T„v=0.60+0.01, and D,
= (1.91+ 0.2)&&10 ' cm'/sec. We will assume that
the above relations hold within the spinodal re-
gion.

Equations (1) and (2) predict a maximum in

(E, (t)) at a value of k given by k '= —(4K) '(8'f/
Bc')J, r. This parameter is related to the radius
r of the ring in Fig. 1 by k„=4w/csin(r l2L),
where L is the distance from the sample to the
photodetectors or the photographic plate. To es-
timate k we assume that f is of a modified Gins-
burg-Landau form with (8'f/Bc')z rc,'1f, = e ~,
where c, and f, are the composition and free en-
ergy at the critical point, respectively. Using
the value of E measured by Huang and%ebb, '
one has Kc,/f, = 2 A (this parameter is expected
to be of the order of an atomic length') and k
= (3 A) 'e"", with the critical exponent y expect-
ed to be approximately 1.3.""' At ~T = T —T,
= —2 mK this corresponds to k ' ~ 1.0 pm. In
these experiments, the reciprocal k value at r
=r was typically 1 to 1.3 pm, as predicted by
the above theory.

Equations (1) and (2) predict that

in[(f, (t))/(f, (0))]
= 2R(k) t =2(- Mk'[(8f'/Bc')~ z, + 2Kk'])f,

where both M and (8'f/Bc')~ r are functions of
&T. Thus a plot of in(l, (t)) versus f at fixed k
should yield a straight line of slope R(k). ft was
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FIG. 2. The parameter R(k) jk versus k"' in the early
stage of spinodal decomposition. Here R(k) is the
growth rate of the scattered light intensity at photon
momentum transfer k. The value of R(k)//k- extrapo-
lated to k=0 yields the negative diffusion constant &.

indeed found that in a time interval of about 1 min
following the quench to 4T = —2 mK, the scat-
tered intensity (averaged over the fluctuation
time T,) grew at an exponential rate. As already
noted, the ring subsequently shrinks in diameter'
and finally disappears, though a large amount of
small-angle scattering remains, Extensive mea-
surements were made of both the intensity and
fluctuation time in this latter stage of phase sep-
aration; however, this work will not be discussed
here.

According to Eq. (2), a plot of R(k)/k' versus k'
should yield a straight line of negative slope and
intercept M(8'f/Bc')~ -r = Dat k=0—. We note
that inside the spinodal, D is negative, since at
points interior to the spinodal line, (8'f/Be')~ r
&0, while M is always greater than zero. '

In Fig. 2, we have plotted R(k)/k' as a function
of k' for scattering angles spanning the interval
10 '&8&10 ' rad. Equation (2) predicts a linear
dependence of Rlk' on k' whereas we observe a
measurable bending of the line drawn by eye
through the data points in this figure. Only an ex-
periment carried out with better temperature
control could determine whether this nonlinear
behavior results from failure of Eq. (2) at large k.
However, a similar bending has been observed
in an x-ray study of SD in glass systems. '+"

It is interesting to compare the value of I D l ob-
tained from Fig. 2 [IDI = lim„,R(k)/k'] with the
above-quoted value of D obtained from spectral-
width measurements in the one-phase region at
&T =2 mK. This latter value of D is 4. 5&10
cm /sec, whereas the intensity measurements of
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Fig. 2 yield —a=2.5xlo ' cm' sec, This agree-
ment suggests that the relations D =D, t e l

' and
I,(s'f/sc')z, rI ~

I e) ~ have at least approximate
validity inside the spinodal as mell as on the co-
existence curve.

A limit to the range of I»T values (and hence
ring diameters) which could be reached in these
experiments was determined by the limiting rate
(dT»/dt) at which the bath temperature could be
dropped and by the characteristic time (r, ) for
the sample subsequently to reach thermal equi-
librium. The approximate values of these pa-
rameters were dT»/dt ~

& mK/sec and 7', S l min.
It was impossible to produce SD at large values
of AT because It(k ) ~D~4T", so the process
would occur at a rapid rate before the equilibrium
bath temperature was reached. It is possible to
estimate an upper limit on the accessible range
of 4T from a plot containing the two functions
8 ' versus 4T and the cooling rate of the sample.
The result is that SD should be (and was) ob-
served at ~T ~ —2 mK. Before the temperature
of the sample has fallen below this value of hT,
the system has already passed through the early
stages of SD. The absolute minimum attainable
value of 4T was established by the bath temper-
ature stability.

We close with a few qualitative observations
concerning the spectral width measurements.
The photon correlation spectrometer used in this
work provides a measurement of"

(I» (I ) I» (I + 7')) =—G (r).

&ince the random process being studied was not
a stationary one, G(7) also is a. slowly varying
function of time. At each t ~ R ', G(7') was ap-
proximately exponential, though its form at some-
what larger t was markedly nonexponential. In
the early state of SD, the characteristic decay
time for G(7) was of the order of the lifetime of
critical fluctuations in the one-phase region at
the same I AT l. This latter lifetime is the in-
verse of I"(dT) =Dk'. It was further found that
G(T) at k =k„,i.e. , within the brightest region of
the ring, had a damped oscillatory character.

Finally, it was observed that in the latter stages
of phase separation, the correlation time of the
intensity fluctuations grows to values which were
an order of magnitude larger than the spontane-
ous concentration fluctuation lifetime at the equi-
librium temperature of the system.

To summarize, we have studied phase separa-
tion in a critical binary liquid mixture and ob-
tained results which are in accord with the linear
form of spinodal decomposition theory. Also
measured was the lifetime of fluctuations in the
system. Cahn's theory makes no predictions con-
cerning these fluctuations in the spinodal region.
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