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Anisotropic Phase Separation of a Nonequilibrium Liquid-Liquid Interface
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Dynamics of phase separations of a nonequilibrium diffuse transition interface with a thickness ¢ of
the order of 10 um is studied in a binary liquid mixture by light scattering. We find that anisotropic
growth in spinodal decomposition can be observed during the phase separations which form a sharp equi-
librium interface, and that the dynamics can be scaled with {. Furthermore, a depletion layer is found to
form around the sharp interface during the phase separation and gives rise to a diffractionlike light

scattering pattern.

PACS numbers: 68.35.Rh, 05.70.Jk, 64.70.Ja

As phase separations in isotropic systems have been
well studied, recent attentions have been turned to phase
separations in systems with anisotropy such as phase sep-
aration of fluid mixtures under shear [1] and concentra-
tion gradients [2,3]. One naturally occurring anisotropy
in liquid mixtures is the equilibrium transition interface
separating the two coexisting concentrations at the final
state of a phase separation. Although the equilibrium
properties of such an interface have been studied [4], very
little is known when the interface is out of equilibrium.
For example, interesting phenomena might occur in the
interface when the system is quenched deeper into the
two phase region. Presumably, phase separation will be
induced in both the interface and the bulk by such a
quench, but it is not yet clear how phase separations in
the interface will proceed [5,6].

In this Letter, we report the results of a light scattering
experiment which studies the dynamics of phase separa-
tion of a transition interface similar to the one mentioned
above in a binary liquid mixture. However, the interface
under study is not in equilibrium with the bulk. This
nonequilibrium interface is prepared by quenching an ini-
tially equilibrium interface at temperature 7; below T,
(critical temperature) to a temperature T, above T.. As
mixing across the interface will occur at T,,, phase sepa-
rations will take place in this nonequilibrium interface
when the interface is quenched back to 7; again at a later
time. Since the initial interface will be formed at the end
of such a phase separation, our experiments essentially
study how an equilibrium transition interface is formed
from a phase separation under a spatially confined con-
centration gradient provided by the nonequilibrium inter-
face. We find that anisotropic growth in spinodal decom-
position (SD) can be observed in the phase separation
and its dynamics scales with the thickness of the none-
quilibrium interface, {. One striking feature of our
findings is that a depletion layer is formed around the
sharp interface during the phase separation and gives rise
to a diffractionlike light scattering pattern [Fig. 2(b)].

A mixture of isobutyric acid and water (IBW) is used
as our sample so that we can use pressure quenches to
perform effective temperature quenches [7] and avoid
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convections caused by thermal quench [8]. The sample
cell is a glass cylinder with an inner diametr of 2.8 cm
and a length of 5.3 cm. While the top of the cell is
sealed, a U-shaped capillary tube is attached to the bot-
tom of the cell. A glass encapsulated magnetic stirrer is
also kept inside the cell to provide means of mixing. The
cell is first filled with a near critical sample of IBW (62.1
vol% water) [9] and then the capillary tube is filled with
mercury to both seal the cell and provide a means of
transmitting applied pressure. The sample is kept in a
temperature-controlled, transparent water bath with a
stability of = 1 mK over a day. The critical temperature
T, of the sample is measured to be 26.9 °C with a drift of
—0.3 mK per day because of the contact with mercury.
Since we only perform pressure quenches, the bath is al-
ways kept at a constant temperature of 7=T7,—40 mK.
All the temperature changes mentioned below are effec-
tive temperature changes produced by pressure changes.
In order to study phase separation in the interface, a
beam of a S mW He-Ne laser is directed through the in-
terface (Fig. 1). Unless noted otherwise, the beam is al-
ways at an angle of 8=6.75° with the tangent of the in-
terface. A video system and a photodiode are placed out-
side the bath to record the small angle light scattering
pattern on a screen and the reflected beam intensity, re-
spectively.

Our experiment can be best understood by considering
the time dependence of the reflected intensity of the laser
beam /(t) as shown in Fig. 1 for a typical experiment,
with ¢ being the time. Before the experiment starts
(1 < A), an equilibrium sharp interface was first prepared
by placing an initially homogeneous sample at a tempera-
ture 7; below T. for more than 48 h. The interface
formed has a thickness with {~¢& (correlation length),
and thus gives a reflected intensity /o which depends only
on the reduced temperature ¢=(T; —T,)/T.. Therefore,
the measured reduced reflectance p(t) =1(t)/Io is equal
to | for t < A4 as shown in Fig. 1. The experiment starts
at t =A, when the sample is quenched to a mixing tem-
perature T, above T, to let the two phases at either side
of the originally sharp interface mix. Immediately after
the sample is quenched into the one phase region, one can
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FIG. 1. The reduced reflectance p(r) for an experiment of

Ti=T.—40 mK and T,,=7.+60 mK and 7, =60 sec. Note
the change in the scale of time scale for 1 <0. The left inset
shows the scaling form of p for different r,, with t normalized
by tw. Geometry of the light scattering is shown in the right in-
set.

see from Fig. | that the reflected beam disappears (point
A in Fig. 1). Presumably, ¢ has become much bigger
than the wavelength of the laser beam in a very short
time, and grows as ¢~ (Dr)'? where D is the diffusion
constant. The (Dr)'? dependence of ¢ is expected from
the diffusion [10] across the initially sharp interface. Fi-
nally, in order to produce a phase separation in the inter-
face, the sample is again quenched back to its initial tem-
perature 7; after the sample is kept at 7T, for a mixing
time 1,, at 1 =0.

The p(1) shown in Fig. | is taken from an experiment
with 7, =7,—40 mK, T, =T.+60 mK and a mixing
time 7,, =60 sec. From Fig. 1, it can be seen that the
reflected beam did not restore immediately after the tem-
perature was quenched back to 7;. One has to wait for a
while (z,,) in order to see the reflected beam again. Here
1, is defined as the time after the quench taken for the
reflectance to recover 5% of its original value. But once
the reflected beam becomes detectable, the measured
reflectance quickly rises nearly to its original value before
the quench. From Fig. 1, p(¢) rises nearly linearly from
10% to 80% in a recovery time ¢,. Note that ¢, ~4¢,.

The existence of two time scales ¢,, and ¢, in Fig. | sug-
gests that two different processes are responsible for the
recovery of the interface. Presumably, 1,, is the time tak-
en for the phase separation in the diffuse interface to
proceed to such an extent that a relatively sharp concen-
tration profile is formed so that reflected light can be
detected, and ¢, is the time taken for this relatively sharp
interface to recover the equilibrium sharp interface. Al-
though only the data for ¢,, =60 sec are shown in Fig. 1,
the above observations are also true for experiments with
different 7,,. We find that both ¢, and ¢,, vary as 1962 for
fixed T; and T,. In fact, the measured p(¢) for various
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FIG. 2. Scattering patterns with different ¢,, for experiments
of T;=T.—40 mK and T,,=T7.+60 mK. (a) r=2.5 sec. (b)
1 =5 sec for 1, =180 sec, (c) 1 =25 sec, and (d) 1 =35 sec for
Im =480 sec. Note that the central spot is the unscattered

transmitted beam. Here gy is in the horizontal direction.

[, can be put into a scaling form when the time is scaled
by t.. as shown in the inset of Fig. 1, which shows the
scaled reduced reflectance for different ¢,,,.

Now, we turn our attention to the forward scattering
during the time >0 in Fig. 1. It is well known that
small angle light scattering in the form of a collapsing
ring can be observed during the SD of a critical binary
mixture [10]. However, in our experiments, two rings.
one fast and one slow, can be detected for experiments
with 7,=7.—40 mK, T, =T,+60 mK, and a mixing
time t,,, of the order of minutes. A few tenths of a
second after the sample is quenched back to T3, a collaps-
ing ring can be seen to emerge from the interface showing
that phase separation is taking place. Several seconds
after the first ring (fast) disappeared, a second ring
(slow) emerges and collapses slowly in the order of
minutes. Although the fast ring is similar to the spinodal
ring in early time, it turns into an ellipse as shown in Fig.
2(a) with its minor axis parallel to the interface as it col-
lapses. This suggests that the growth of the phase
separating domains has become anisotropic. At an even
later time, the ellipse will turn into two bright spots on ¢i-
ther side of the central unscattered beam as shown in Fig.
2(b). These two bright spots last for only a few seconds.
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and disappear when the slow ring becomes detectable.
However, no anisotropy is detected in the slow ring within
experimental precision.

For relatively short t,,, Figs. 2(a) and 2(b) describe
well how the fast ring collapses. But for longer ¢,, the
scattering patterns change. Figures 2(c) and 2(d) show
the scenario of the collapse of the fast ring with ¢, =8
min for the same experiment as in Figs. 2(a) and 2(b).
With a longer mixing time, the fast ring does not collapse
into two spots. Instead, the fast ring collapses to form a
highly elongated, vertical, bright spot around the trans-
mitted beam [Fig. 2(c)], showing that phase separating
domains are large and elongated in the horizontal direc-
tion. However, as time goes on, this bright vertical spot
will decrease in intensity and turn into a diffractionlike
scattering pattern [Fig. 2(d)]. Similar to the two bright
spots in Fig. 2(b), this scattering pattern disappears when
the slow ring becomes visible.

To understand the above observations, we have shown
in Fig. 3 the anticipated changes of concentration profile
C(z) during the experiment, where z is the distance from
the position of C(z)=C,, the critical concentration.
Here, Co(z) of a sharp interface between two coexisting
phases C, and Cp in the beginning of the experiment at
T; is shown as circles. As the system is mixed for a time
tm at Tn, Co(z) will turn into C'(z) with width ¢
~(Dt,,) "2, which is shown as triangles. When the sys-
tem is quenched back to T;, phase separation will take
place at places where C, < C'(z) < Cp. Since only a thin
layer of fluid (SD layer) close to z=0 with C(z) close
enough to C, will undergo SD during phase separation
[3], the rest of the fluid, region NV in Fig. 3, will nucleate.
Since SD is a much faster process than nucleation, a fast
(SD) ring will be seen before the slow (nucleation) ring if
we are probing the two regions of fluid at the same time
as in our experiments.

c(z)

z/distance from C,

FIG. 3. Concentration profile across the interface at various
times during phase separation. See text for detailed descrip-
tions of symbols and insets.

Although it is not clear how C'(z) will change in the
SD layer during phase separations, a possible scenario is
shown as the solid line in Fig. 3. Here the solid line de-
picts an instance that C'(z) remains basically unchanged
everywhere except in the SD layer, where it has already
reached the equilibrium Co(z). This scenario is compati-
ble with our observations that p(zr)=1 is recovered
several seconds after the quench and the nucleation ring
becomes observable only at a later time. Also, if one can
approximate C(z) by the form as shown in the left inset
of Fig. 3, we will obtain a scattering pattern (right inset
of Fig. 3) which is obtained from the FFT of the left in-
set. In fact, this scattering is compatible with our obser-
vation [Fig. 2(d)]. Note that the smooth rising part of
the C(z) is neglected in the calculation of the scattering
pattern [11].

The sharp edges on either side of the interface (left in-
set) are important in producing the appropriate scattering
pattern (right inset). If we have used a smooth decay on
both sides of the interface, only the first peaks will be re-
tained. This property of the sharpness of the edges is
consistent with our observation in Fig. 2(b) that only two
bright spots can be seen for short mixing time experi-
ments. Presumably, for small ¢, effects of diffusion will
smooth out the sharp edges. Note that the fluid immedi-
ately outside the two bumps is very similar to the de-
pletion layer in nucleation theories [12], if we think of the
bumps formed by SD as big droplets.

To understand the anisotropy in Fig. 2, we have plotted
in Fig. 4 the time dependence of g, in the vertical direc-
tion (gy) and the horizontal direction (g.y) for both the
fast and slow rings. Here g, is the magnitude of the
scattering vector which corresponds to the maximum of
the scattered intensity. If one looks at gy, its time
dependence is very similar to that of normal spinodal
decomposition [13] in the bulk, with gp,~¢~? and
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FIG. 4. The time dependence of the scattering vector gm for
both the fast ring and the slow ring in the vertical (gmy) and
horizontal (gmx) directions after a quench for an experiment of
Ti=T.—40 mK, T, =T.+60 mK, and a mixing time of 180
sec.
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a=—1.1. However, the behavior of g, is similar only
fOT Gmy > gmy With gmy, =4%103 cm ™' as shown in Fig. 4.
When gmy <gmy, the growth is slowed down and the
scattering pattern will change from a ring into an ellipse
[Fig. 1(b)]. Figure 4 also shows that for the slow ring,
Gmx =qgmy~1t % but with @ =0.31, which is consistent
with the notion that the slow ring is caused by nucleation
[13]. The values of these exponents are consistent with a
similar experiment reported by Beysens and co-workers
[3]. With a very long mixing time (days) and different
scattering geometry. However, no diffractionlike pattern
and anisotropic growth in early time were reported in
Ref. [3].

The meaning of g, is clear when one considers the
thickness of the diffuse interface. From ¢~ (Dr,,) "2 we
obtain {~30 um for the experiment in Fig. 4. Growth
has to be affected and stopped at around this length scale
in the direction normal to the interface. In fact, ¢ is of
the same order of magnitude as the observed g, in Fig.
4. To test the idea that the anisotropy is normal to the
interface, we have also performed experiments with the
laser beam perpendicular to the interface and find that
two rings can be observed but without anisotropy. Furth-
ermore, the waiting time t,, for the formation of a sharp
interface can also be estimated by using {. Assuming
that the phase separation in the interface is linear in time,
as in the late time of SD [13], one then expects ,~¢
~1,7? with d=0.5, which is not far from our measured
value of 0.62.

From the above discussion, it seems that ¢ is the length
scale which determines the dynamics of the phase separa-
tion and the formation of a sharp interface. Although
with ¢ one can explain most of the observed phenomena
quantitatively, it is still far from clear what kinds of pro-
cesses are responsible for the formation of the final sharp
interface. Presumably, peculiar structures of the aniso-
tropic phase separating domains and hydrodynamics are
responsible for the short time scale of 7,. Finally, it is im-
portant to note that our observed anisotropy is not due to
the current driven by the concentration gradient which
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will produce anisotropy in a different direction as seen in
driven diffusive systems [14].
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FIG. 2. Scattering patterns with different t,, for experiments
of T;=T,—40 mK and T, =T.+60 mK. (a) r=2.5 sec, (b)
1 =5 sec for 1, =180 sec, (c) 1 =25 sec, and (d) + =35 sec for
Im =480 sec. Note that the central spot is the unscattered
transmitted beam. Here g, is in the horizontal direction.



