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Melting of Metastable Crystallites in Charge-Stabilized Colloidal Suspensions
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We use low-frequency electrophoresis to crystallize monodisperse charge-stabilized colloidal suspen-
sions. Rather than reverting directly to their equilibrium fluid state when the field is removed, some
suspensions retain long-lived metastable crystallites whose evolution we track using high-resolution
digital video microscopy. To quantify the decay of order in this system we introduce an empirical
criterion for distinguishing spheres in the crystal from those in the fluid. [S0031-9007(96)00209-8]

PACS numbers: 82.70.Dd, 64.60.My

Monodisperse charge-stabilized colloidal suspensionghich might modify the charge-mediated interaction. The
provide convenient model systems for studying the microcolloid is contained in a sample volume of dimensions
scopic mechanisms of structural phase transitions such d9 X 20 X 0.02 mm® created by sealing the edges of a
freezing and melting. Depending on a suspension’s voleover slip to a microscope slide. Glass reservoir tubes ex-
ume fraction and counterion concentration, its ensembléending from holes drilled through the slide provide ac-
of colloidal microspheres can undergo disorder-order traneess to the sample volume. Mixed bed ion exchange resin
sitions from fluid states to highly organized crystals of ei-added to the tubes further reduces the concentration of
ther face-centered cubic (fcc) or body-centered cubic (bccstray ions leached from the glass surfaces. The open ends
symmetry. These phase transitions are analogous to thosé the reservoir tubes are continuously flushed with hu-
induced in simple metals and noble gases by variations imidified Ar to prevent contamination by airborne O
pressure and temperature. Unlike the atoms in converChanging the Ar pressure allows us to drive the suspen-
tional materials, however, individual colloidal spheres aresion back and forth between the reservoirs to bring the
large enough to image directly with a conventional lightsystem rapidly into chemical equilibrium at very low ionic
microscope and move slowly enough to track with stanstrength.
dard video equipment. The sealed cell is mounted on the stage of an Olympus

Direct imaging and light scattering studies have adiMT-2 inverted optical microscope. The microscope’s
dressed metastability in the freezing of supercooled coli00x N.A. 1.4 oil immersion objective provides a field
loidal fluids [1] and equilibrium crystal-fluid coexistence of view of 54 X 40 um’? with a depth of focus of
[2]. The melting of colloidal crystals has received far =0.200 wum which is comparable to a sphere diameter.
less attention because of the comparative difficulty of creThe addition of &X video eyepiece provides a magnifi-
ating a superheated crystalline state. In this Letter weation of 85 nnipixel on the attached charge coupled de-
describe a technigue for creating superheated colloidalice video camera. An individual sphere subtends an area
crystallites in contact with their fluid. To quantify the evo- of 20 pixels in this system and roughly 500 spheres are
lution of order during melting we introduce an empirical in focus in a given video frame. The colloidal spheres’
criterion which allows us to distinguish crystal from fluid motions are recorded on video tape at standdB01s in-
with single-particle resolution. Under a range of experi-tervals before being digitized and analyzed.
mental conditions, the measured ordering dynamics pro- Creating superheated crystal requires introducing or-
vide evidence for metastability in a strongly first-orderdered regions into an equilibrium colloidal fluid. Such
melting transition. This behavior is surprising in a sys-nonequilibrium ordering has been achieved through shear-
tem whose pair-wise interactions are generally taken to bmduced alignment [4] and by the application of optical
purely repulsive [3]. gradient forces [5]. The experimental geometries in the

The colloidal suspension in this study consists of poly-former class of experiments do not lend themselves to
styrene sulphate spheres of radius= 325 = 3 nm sus- high resolution imaging, while the latter approach is only
pended in water at volume fractiop = 0.02. These amenable to single-layer systems.
spheres have titratable surface charge densities of 1 elec-The response of a charge-stabilized suspension to an
tron equivalent pei0 nm? surface area. The mutual re- electric field provides another means to create transient
pulsion engendered by these surface charges stabilizesdered states. Negatively charged microspheres flow
the suspension against flocculating under the influence a@gainst the field through electrophoresis, while posi-
van der Waals attractions [3]. Dialysis against deionizedively charged counterions at the glass sample container’'s
water followed by tumbling with ion exchange resin re- Helmholtz layers flow with the field through electro-
duces concentrations of dissolved polymer and stray ionesmosis. The surrounding water is set in motion through
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viscous coupling to the ionic hydration spheres. Thesg¢he entire suspension returns to the equilibrium fluid state.
contributions together with volume-preserving counter-Less strongly interacting systems (those with counterion
flows result in a roughly parabolic flow profile as indicated concentration on the order dfuM or greater) melt within

in Fig. 1. A sphere driven through a shear flow experi-seconds. More strongly interacting systems, however, can
ences a Magnus force with a component perpendiculaietain long-lived superheated crystallites such as the exam-
to the driving direction [6]. Such hydrodynamic forces ples in Fig. 2 coexisting with the surrounding fluid for as
are responsible for the accumulation of particles nealong as an hour. Flowing less strongly interacting suspen-
container walls in fluidized beds [7]. We use a slowly sions over ion exchange resin reduces the counterion con-
oscillating electric field to compress colloidal spherescentration and reproducibly makes possible the creation of
against the smooth parallel glass walls of our sampldong-lived crystallites.

cell. The resulting increase in sphere density can be great Metastable crystals drift freely across the glass surfaces,
enough to produce several polycrystalline surface layersuggesting that inhomogeneities in the surfaces’ properties
while leaving the central volume of the container void of are not responsible for their longeivity. Direct sphere-wall
spheres. interactions also are not likely to mediate metastable or-

The electric field is applied between thin film parallel dering as compression-crystallized monolayers are always
plate gold electrodes patterned onto the sample cell asnstable.
shown in Fig. 1. The spheres’ motion under a 10mm To quantify these observations, we introduce an em-
peak-to-peak field is slow enough to maintain laminarpirical criterion for distinguishing crystalline sites from
flow in the sample volume. Driving at 60 Hz phasethose in the fluid. We base this distinction on the six-
locks the spheres’ motions to the video camera’s imagefld bond-orientational order parameter originally intro-
and allows continuous monitoring of the crystallizationduced by Halperin and Nelson [8] in the context of
process. By detuning to 59 Hz we measure the spheres’
response to be roughly 1 diameter peak to peak along the
system’s midplane.

The compression-driven freezing transition occurs at
both upper and lower walls; the data we present were ob-
tained near the more accessible lower wall. The result-
ing multilayer fcc crystal presents its high density (111)
face to the smooth rigid glass so that a single layer ap-
pears as an array of equilateral triangles. When the field
is removed, the polycrystal first expands and then melts,
starting along the grain boundaries and continuing until
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FIG. 1. (top) Schematic cross section of the colloid cell. TheFIG. 2. (a) Metastable crystallites after melting for 15 min.
reservoir tubes are connected to the gas system which iSpheres’ images change from bright to dark with increasing
not shown for clarity. (lower left) Cross-sectional view of height above the focal plane. (b) Voronoi construction of
electrophoretic compression. The electric field produced bythe nearest neighborhoods for one layer of particles in (a).
the thin film electrodes is directed from right to left in this Each sphere location is indicated by a point. Crystalline
drawing. (lower right) A colloidal sphere rotates in a shearneighborhoods are dark gray; surface sites are shaded light gray.
flow. Rotational flow around the sphere engenders a MagnuBluid regions and neighborhoods extending beyond the field of
force when the sphere is driven through the flow. view are not shaded.
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two-dimensional melting. For a sité whose nearest tion of the crystal fraction with time for two typical runs,
neighbors [9] labeled by are arrayed at angles, from  one with rapid melting and another in which long-lived
a reference direction, the sixfold bond-orientational ordercrystallites formed. In the former case the entire sample
parameter is defined as reverts to a fluid state in a matter of seconds. In the latter,
s, = (EXPi60));, 1) the time scale for the phase transition extends to more than

half an hour.
where the angle brackets indicate an average over nearestajthough ionic strength affects the dynamics of the

neighbors. The magnitudes, = [, | achieves a maxi- fyig state, this effect alone does not account for the ob-
mum value of one for uniformly sixfold coordinated sites seryed dramatic difference in melting rates. We measure
and is smaller for others. In practice, we find tha§  [11] the fluids’ self-diffusion coefficientsp, by track-
does not provide sufficient information to distinguish UN-ing mean square particle displacement2), and fitting
ambiguously between crystals near melting and fluids neggith the Einstein-Smoluchowsky equatiof;?) = 4Dr.
freezing. Additional insight into the degree of local ori- For the runs shown in Fig. 4, the precompression self-
entational ordering is provided by the magnitude of thegifusion coefficients differ by no more than a factor of 2
projection ofis, onto the mean local orientation field (Dtast = 0.24 wM?/S, Dyiow = 0.12 wm?/s) while their

ne, = 196, (e, )l - (2) melting rates differ by 2 orders of magnitude. The time

Measurements on suspensions in homogeneous f&?quwed for a sphere to diffuse the thickness of the sam-

crystal and fluid phases such as those in Fig. 3 indicat”ﬁit\églliir:]nee ?(I;O\r/r:((j;l-}tisna ;?]légihs i?ltlmiteor%feﬁhgf dllgfuss%r;-
that a sitek can be classified as crystal if 9

either sample. This estimate agrees well with observed
me, + ne, > 1. (3) rates in rapidly melting samples. Furthermore, even the

We therefore use Eq. (3) as a practical criterion forstrongly interacting fluid is far from the equilibrium crys-
distinguishing spheres in the ordered phase from those if@llization point as determined by the Lowen-Palberg-
or adjacent to the fluid. Because this criterion depend$imon (LPS) dynamical freezing criterion [12]. The LPS
On|y on partides’ instantaneous locations and not Orpriterion states that a colloidal fluid will freeze when
their dynamics, it is useful for time-resolved studies ofits self-diffusion coefficient falls belowD. = 0.095D,
interfacial fluctuations. While Eq. (3) is specialized to thewhere Dy = 0.89kT/6mno = 0.63 um?*/s is the wall-
case of Ordering in the (111) face of fcc Crysta|s’ Othelcorrected [11] free-partiCIG self-diffusion coefficient in
two- and three-dimensional generalizations are possibl@ater (7 = 1 cP) at7 = 25°C. The more strongly in-
[10]. We avoid misidentifications due to measurementeracting suspension is well above this threshold with
error in the particle locations by performing Monte Dsiow = 2D.

Carlo refinements on the particle classifications using The microstructure of the long-lived crystallites pro-
the calibrated 20 nm error in centroid location [11]. InVides evidence that the ordered state is stabilized by
addition to the core crystalline sites identified by Eq. (3),2 cohesive energy. While crystallites such as those in
we label noncrystalline sites connected to the core byrig- 2 are not compact, their well-defined facets bespeak a
nearest-neighbor bonds [9] comparable in length to the
crystal’s lattice spacing as crystal surface sites. All other
spheres are classed as belonging to the fluid. Typical

[ e <
classifications appear in Fig. 2(b). % 3
The fraction of the field of view subtended by crystalline © ]
nearest neighborhoods provides a measure of the degree of -
in-plane crystalline ordering. Figure 4 shows the evolu- %
)
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0 . 0 L FIG. 4. Decay of crystalline ordering during melting. Filled
0 1 0 1 circles correspond to the areal crystal fraction after elec-
Mg Mg trophoretic compression in a suspension with moderately high

ionic strength. Open circles show the equivalent result for a
FIG. 3. Experimental probability distributions for the order suspension of low ionic strength. The dashed line indicates the
parametersmg and ng in (a) polycrystalline and (b) fluid level of spontaneous order fluctuations in the equilibrium fluid.
suspensions. The diagonal dashed lines indicate the empirickluctuations in the long-lived state reflect crystallites drifting
ordering criterionmg + ng = 1. through the field of view.
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sizable surface tension. Furthermore, after correcting foteractions are measured to be strongest for systems with
the microscope’s depth of focus, the crystal-fluid interfacemoderate ionic strengths and are not evident [15,17] at the
supports a density mismatch as large as 70% of the cry$ew ionic strength for which we observe metastable crys-
tal density as compared with the 10% mismatch seen itallites. The question remains then as to the origin of the
rapidly melting suspensions. The lower figure is consistenénergy barrier to melting of the metastable crystals.
with observations of weakly first-order melting in purely It is a pleasure to acknowledge valuable conversations
repulsive systems such as hard sphere suspensions [18]th John Crocker, Stuart Rice, Andrew Marcus, David
Finally, the lattice spacing of the long-lived crystallites re- Oxtoby, and Cherry Murray. This work was supported
mains constant throughout the melting process, whereas part by the National Science Foundation under Grant
short-lived crystals expand while melting, as shown inNo. DMR-9320378 and in part by the MRSEC Program
Fig. 5. These observations suggest that the melting iof the National Science Foundation under Award No.
long-lived crystals is limited by kinetics at the crystal-fluid DMR-9400379.
interface while melting in short-lived crystals is diffusion
limited.
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