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Depletion-driven self-assembly in binary colloidal mixtures is studied via the time evolution of
cluster-size distribution and structure factor as the mixtures equilibrate after shear melting. The
suggest a two-stage crystallization process governed by an initial collapse into an amorphous met
state, the growth kinetics of which are interpreted within the context of reversible aggregation
early-stage phase separation. [S0031-9007(98)07565-6]
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The segregation of a binary fluid and the crystallizatio
of a simple liquid are familiar examples of first orde
phase transitions [1,2]. In mixtures whose componen
interact through excluded volume, these two phenome
can be driven simultaneously via adepletion force[3–
5]. The phase-ordering dynamics of such systems ha
just begun to be investigated, and the underlying phys
may have relevance to such things as the crystallization
globular proteins and nematic ordering of rodlike particle
in the presence of a nonadsorbing polymer [6,7]. Beyon
their broad commercial significance, colloidal suspensio
serve as useful models for a variety of condensed mat
systems, from crystals [8,9] and glasses [10] to critic
fluids [11] and fractal networks [12]. In this Letter,
video microscopy is used to study depletion driven se
assembly in confined binary suspensions of nearly ha
sphere colloids. The results suggest that crystallizati
in these mixtures is a two-stage process governed by
initial collapse into an amorphous metastable state, a
the kinetics of cluster formation are interpreted withi
the context of both reversible colloidal aggregation an
entropically driven phase separation.

The mixtures consist of monodisperse polystyren
spheres of diameter2RL ­ 2.9 mm and 2RS ­ 213 nm
(stabilized with a charged polymer surfactant) in aqueo
suspensions containing enough salt (0.01 M) to screen
electrostatic repulsion to short range. The large-sphe
volume fraction is fixed atfL ­ 0.025 for small-sphere
volume fractions 0 # fS # 0.4. Rapid gravitational
settling of the large spheres restricts their motion to
plane [13], leading to two-dimensional trajectories in th
bulk free-energy landscape. This facilitates tracking
the large spheres and has potential relevance to microsc
lithography and lubrication. A shell of excluded volume
around each large sphere means that when two come i
contact the effective value offS decreases, lowering the
entropic free energy by an amountD [3]. If DykBT is
big enough, the large spheres aggregate into clusters.
the geometry in question, a close-packed triangular latti
yields the greatest reduction in excluded volume, an
hence the greatest decrease in free energy. Phase s
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ration was observed only forfS $ 0.20, in agreement
with the bulk phase diagram of a comparable system [
The value offL is below the percolation threshold, an
slightly lower values yield smaller clusters, while slightl
higher values yield clusters that are percolated over
field of view.

The sample cell is an epoxy-sealed microscope slide a
cover slip with15 mm thermocouple wire as spacer. Al
measurements were carried out ats22 6 0.5d ±C. Digi-
tal video micrographs were collected with both103 and
403 objectives to obtain coarse and fine grained imag
of the evolving structure. The latter yields just over103

large-sphere centers per video frame, and data from
frames were averaged together for a typical measurem
This was accomplished by recording the relaxation after
peated shear melting, where the shear flow was introdu
by gently compressing the cover slip of the sample ce
Frames taken with the403 objective were digitized and
computer analyzed to obtain the planar coordinates of
large-sphere centerss6100 nmd. Frames taken with the
103 objective were Fourier analyzed, averaged togeth
azimuthally averaged, and then divided by the analogo
quantity for fS ­ 0, which constitutes dividing out the
large-sphere form factor.

The kinetics are studied via the cluster-size distributio
nkstd, and the structure factor,Ssq, td, of the large spheres.
The pair-correlation functiongsrd exhibits a nearest-
neighbor peak at2RL, the width of which yields a
clustering criterion [14]. The distributionnkstd gives
the probability of finding a cluster of sizek at time t
subject to the constraint

P
k knk ­ 1 imposed by particle

conservation, where the largest clusters observed w
100 , k , 500. The structure factor has peaks at fixe
q . 1 mm21 whose intensities increase with time, an
a peak atqmaxstd , 1 mm21 that moves toward lower
q and increases in intensity with time. Examples
nkstd and Ssq, td are shown in Figs. 1 and 2 along with
images of the domain structure. The viscosity of th
host suspension increases withfS, and it is convenient to
define the reduced timetyt wheret ­ 2dDtR2

LykjDrj2l.
In this expression,kjDrj2l is an ensemble average o
© 1998 The American Physical Society
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FIG. 1. (a)nkstd and (b)Ssq, td for fS ­ 0.30 during the first
hour of phase separation, where the markers correspond to
times after shear melting shown in the top figure. The ins
in (a) showsgsrd at t ­ 60 min, and the large-k fits of nkstd
are as described in the text. The lower figure shows the tim
evolution of the low-q peak inSsq, td, and the inset shows the
higher order structure att ­ 60 min.

the mean-square displacement of isolated large sphe
duringDt ­ 60 s andd ­ 2. This yieldst ­ 2.4, 3.15,
3.6, and 6.4 min forfS ­ 0.20, 0.25, 0.30, and 0.40,
respectively.

The aggregation is reversible and phase separating m
tures initially reach a state of cluster/single-particle co
existence. The amorphous clusters lead to a liquidli
structure factor (Fig. 2) with a nearest-neighbor peak
q0 ø 2.5 mm21 ø 2py

p
3 RL, while nkstd can be de-

scribed bynkstd ­ n0std expf2astdkng at large k with
n ø 0.6 for all fS [Fig. 1(a)]. After an intermediate pe-
riod of metastability, the aggregates start to collapse in
an ordered solid, which is evident as an increase in t
intensity of the principal Bragg peak and a splitting o
the second order peak (Fig. 2). Fragmentation becom
less common andnkstd becomes weighted toward large
k as the crystalline domains coarsen. The two-step s
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FIG. 2. Coarse grained structure forfS ­ 0.25 at (a) 2 min,
(b) 60 min, and (c) 20 h after shear melting. The width o
each micrograph is350 mm. The lower figures show the
higher-order structure inSsq, td at late times forfS ­ 0.20
and 0.30. The insets show micrographs of the typical pack
morphology att ­ 15 h, where the width of each micrograph
is 30 mm. The vertical bars show the first eight Brag
peaks for a two-dimensional close-packed crystal with2RL ­
2.9 mm. The curves fort ­ 15 h have been offset by 0.75 for
clarity.

quence from shear-melted fluid to crystallites is shown
Fig. 2. Clusters of the amorphous phase contain localiz
regions of close packing but are globally disordered a
open [15], while clusters of the ordered phase are u
form and compact. The above observations suggest
freezing in these mixtures is a two-stage process gover
by an initial collapse into an amorphous metastable sta
This is somewhat similar to a “hidden” gas-liquid binoda
in colloid/polymer mixtures [5–7] and is readily seen b
following the time evolution ofSsq0, td [Fig. 3(a)], where
mixtures with fS , 0.3 reach an initial plateau before
starting to order. Crystallization becomes suppressed
fS $ 0.3, suggesting that the system becomes trapped
the amorphous phase.

Confinement of the large spheres slows the grow
process considerably, which permits a novel glimp
into the earliest stages of segregation in a binary m
ture. One possible theoretical approach starts from
3997



VOLUME 81, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 2 NOVEMBER 1998

nt

at

t
ct
ay

tter

e-
-
as

h
r-
e-

ld
e
to

e

FIG. 3. (a) Time evolution ofSsq0, td, where the fits up to the
first plateau are as described in the text. (b) Time evolutio
of pstd, where the fits are as described in the text. The le
inset showsac sfSd and the right inset showscmsfSd for
c ­ Ssq0, td (circles), pstd (diamonds),sstd (stars), andRstd
(crosses), where the data have been divided by a constant (
1.44, 0.147, and 0.248 forac and 1.7, 0.89, 25, and32 mm for
cm) to achieve a common vertical scale. The dashed line is t
coexistence threshold.

Smoluchowski equation [2]

Ùnk ­
1
2

k21X
i­1

sKi,k2inink2i 2 Fi,k2inkd

2
X

j

sKkjnknj 2 Fkjnk1jd , (1)

where Kij and Fij are coagulation and fragmentation
kernels, respectively. If the first plateau in Fig. 3(a) i
viewed as a steady state of Eq. (1), then moments will rel
to metastable values after shear melting. Sorensenet al.
[16] have shown that the mean cluster size

sstd ­
X

k

k2nkstd

relaxes exponentially, and one can argue thatRstd ­
2pyqmaxstd and the fraction of particles in clusters,pstd ­P

k.1 knkstd, relax exponentially as well [17].Ssq, td can
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also be expressed as a moment [2], andsstd, pstd, Rstd, and
Ssq0, td all relax according todcstd ­ dc0 exps2ac tytd,
wheredcstd ­ cm 2 cstd is the displacement of the mo-
ment from its metastable value. Fits ofSsq0, td andpstd
are shown in Fig. 3 withac sfSd and cmsfSd. The de-
crease inac with increasingfS suggests increasing en-
ergetic barriers to aggregation which would be consiste
with nonideal behavior [18].

Figure 4 shows a plot ofs2nkstd as a function of
x ­ kys, where the distributions have been truncated
k ­ 20 to eliminate scatter innkstd at largek. The data
suggest the scaling relation [16,19]s2nkstd ­ Gskysd,
where sstd varies from around 2 att ­ 0 to around 30
in the first plateau. The fits in Fig. 4 areGsxd , x21.53

for x ! 0 and Gsxd , exps23.5x0.6d for x ! `. A
power law for x ! 0 is reminiscent of reaction-limited
aggregation [20], which might simply reflect the fact tha
the particles do not necessarily bond upon first conta
when the aggregation is reversible. An exponential dec
has been suggested for largex [21]; however, the data
suggest that a stretched exponential decay gives a be
description in the present case [22].

Another perhaps more fundamental approach is a d
scription in terms of a fluid/fluid phase separation into co
existing large-sphere-rich and large-sphere-poor phases
a precursor to the formation of isolated crystallites. Suc
a treatment would be more intimately linked to the the
modynamic (entropic) nature of the clustering phenom
non, and the peak inSsq, td at qmaxstd would correspond
to the usual spinodal-like evolution at lowq. Because of
the presence of the wall, however, the cluster growth wou
be kinetically “pinned” in the regime corresponding to th
first plateau in Fig. 3(a), the process being analogous

FIG. 4. A scaling plot of s2nkstd vs x ­ kysstd in the
regime of amorphous growth, where the distributions hav
been truncated atk ­ 20 to eliminate scatter at largek; the
asymptotic fits are as described in the text.
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the transient freezing of isolated clusters at low temper
tures in dynamic percolation transitions induced by pha
separation as discussed by Haywardet al. [23]. Provided
the shear-melted state is not too far removed from the tra
sient statesdcycm , 1d and the large-sphere confinemen
is not too severe, an exponential relaxation would be
reasonable leading order approximation. The coefficie
ac sfSd would be related to the strength of the thermody
namic driving force, the nonzero value at the phase boun
ary [Fig. 3(b)] being consistent with a first-order phas
transition.

In conclusion, depletion-driven crystallization in con
fined nearly hard-sphere mixtures is observed to occur v
an initial collapse into an amorphous metastable state, t
growth kinetics of which exhibit a scaling of the cluster
size distribution of the forms2nkstd ­ Gskysd, wheresstd
is the average cluster size. Changes in the kinetics w
quench depthsfSd appear to be contained entirely in the
momentsstd, while the form of the scaling curve appears
to be independent of quench depth. More theoretical wo
is needed to further elucidate the details of the process a
perhaps establish a link between the two seemingly diffe
ent interpretations.

The author is grateful to B. P. Lee and R. K. Hobbi
for fruitful discussions and assistance with the com
puter code.

[1] P. M. Chaikin and T. C. Lubensky,Principles of Con-
densed Matter Physics(Cambridge University Press,
Cambridge, 1995).

[2] J. D. Gunton, M. San Miguel, and P. S. Sahni, inPhase
Transitions and Critical Phenomena,edited by C. Domb
and J. L. Lebowitz (Academic, London, 1983), Vol. 8.

[3] S. Asakura and F. Oosawa, J. Chem. Phys.22, 1255
(1954).

[4] See, for example, A. D. Dinsmore, A. G. Yodh, and D. J
Pine, Phys. Rev. E52, 4045 (1995), and references therein

[5] See, for example, W. C. K. Poon, A. D. Pirie, and P. N
Pusey, Faraday Discuss.101, 65 (1995), and references
therein.

[6] R. M. L. Evans, W. C. K. Poon, and M. E. Cates, Europhys
Lett. 38, 595 (1997); R. M. L. Evans and M. E. Cates
Phys. Rev. E56, 5738 (1997); R. M. L. Evans and W. C. K.
Poon,ibid. 56, 5748 (1997).

[7] W. C. K. Poon, Phys. Rev. E55, 3762 (1997).
[8] C. A. Murray and D. G. Grier, Am. Sci.83, 238 (1995);

J. A. Weiss, D. W. Oxtoby, D. G. Grier, and C. A. Murray,
J. Chem. Phys.103, 1180 (1995); D. G. Grier and C. A.
Murray, ibid. 100, 9088 (1994).

[9] S. I. Henderson and W. van Megen, Phys. Rev. Lett.80,
877 (1998); Y. M. He, B. J. Ackerson, W. van Megen
a-
se

n-
t
a

nt
-
d-
e

-
ia
he
-

ith

rk
nd
r-

e
-

.

.

.

.
,

,

S. M. Underwood, and K. Schatzel, Phys. Rev. E54, 5286
(1996).

[10] A. van Blaaderen and P. Wiltzius, Science270, 1177
(1995).

[11] A. H. Krall and D. A. Weitz, Phys. Rev. Lett.80, 778
(1998).

[12] I. Bodnar, H. Verduin, and J. K. G. Dhont, Phys. Rev. Le
80, 1662 (1998).

[13] E. K. Hobbie, Phys. Rev. E55, 6281 (1997); E. K. Hobbie
and M. J. Holter, J. Chem. Phys.108, 2618 (1998).

[14] The clustering criterion is set as an input paramet
in the computer code that tabulatesnk from the large-
sphere centers and was chosen as the distance at w
gsrd decays to 0.75 of its nearest-neighbor value. Slig
deviations from this did not alter the results, and the sam
criterion was used for allfS. Distributions from different
frames corresponding to the same time were normaliz
and then averaged together.

[15] Large sk . 200d clusters at eachfS were analyzed by
calculatingNsrd, the number of monomers as a functio
of the radial distance from the cluster center of mas
The data can be described by a power law (over 1
decades inr and 2 decades inN) of the formNsrd , rD

with D ø 1.7, reflecting the noncompact structure of th
amorphous phase.

[16] C. M. Sorensen, H. X. Zhang, and T. W. Taylor, Phy
Rev. Lett.59, 363 (1987).

[17] If R , s1yD [where D is defined in [15] ], then
dR , sRmysmdds, where Rm and sm are the metastable
values ofR and s, and the relaxation ofR follows from
that of s. From the conservation law

P
k knk ­ 1 and

Eq. (1) for k ­ 1, one can argue thatpstd relaxes as
dpstd ­ pm 2 pstd ø dp0 exps2aptytd, whereapyt ­
sK11n1 1

P
j K1jnjdm and pm ­ 1 2 s

P
j F1jn11jdmy

s
P

j K1jnjdm ­ 1 2 sn1dm.
[18] J. Crocker, A. Dinsmore, A. Yodh, and D. Weitz

(unpublished).
[19] F. Family, P. Meakin, and J. M. Deutch, Phys. Rev. Le

57, 727 (1986);57, 2332(E) (1986). Corrections to this
scaling ansatz have been demonstrated [P. Meakin
M. H. Ernst, Phys. Rev. Lett.60, 2503 (1988); R. D. Vigil
and R. M. Ziff, Phys. Rev. Lett.61, 1431 (1988)], but
these corrections can be relatively small [I. M. Elminyaw
S. Gangopadhyay, and C. M. Sorensen, J. Colloid Interfa
Sci. 144, 315 (1991)].

[20] M. L. Broide and R. J. Cohen, Phys. Rev. Lett.64, 2026
(1990); D. A. Weitz and M. Y. Lin, Phys. Rev. Lett.57,
2037 (1986).

[21] P. Meakin and J. M. Deutch, J. Chem. Phys.83, 4086
(1985); Elminyawiet al. (Ref. [18]).

[22] Starting from Eq. (1) withKki , ky in the k ! ` limit
(where y ­ 1 2 1yD, with D as defined in [15]) one
can assume detailed balance and argue [E. K. Hob
(unpublished)] thatGsxd , exps2cxnd for largex, where
n ­ 1yD ø 0.6.

[23] S. Hayward, D. W. Heermann, and K. Binder, J. Sta
Phys.49, 1053 (1987).
3999


