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Two-dimensional(2D) colloids embedded in a soap film are employed to study the structures and dynamics
of grain boundaries(GBs). While a soap film is drawn vertically from a concentrated bulk suspension, the
colloidal particles self-assemble to form polycrystalline structures with a typical grain size of about 100 lattice
spaces. Studies of these grain boundaries reveal that the GB lines are faceted at “atomic” scale, leading to a
constant energy per unit length along each line. The measured GB energy as a function of misfit angle is in
agreement with Reed-Shockley’s theoretical predictions. When an external mechanical vibration is applied to
the bulk suspension, the grain boundaries are observed to migrate and grains to rotate under the stress field
induced by the vibration. The total length of the grain boundaries is found to diminish logarithmically with
time, with the rate constant being a function of the excitation strength. This phenomenon, called “mechanical
annealing,” provides a robust means to grow large 2D single-domain crystals.
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Grain boundaries(GBs), which are the longest known
crystal defects[1,2] play a critical role in the properties
of many materials such as ceramics, metals, and semicon-
ductors[3]. The energy needed to create a GB is a function
of its orientation with respect to a crystallographic axis
characterized by the anglew and the misfit angleu of the
two neighboring grains as shown in Fig. 1(c). While many
static structures of GBs are known due to x-ray diffraction
and electron microscopy techniques[3,4], the dynamics of
GB motion driven by thermal fluctuations or an external
stress field, i.e., the texture evolution, is much harder to
study. As a result, the physical mechanisms remain largely
unknown [5–8]. We utilize a colloidal system for the first
time to study GB structures and dynamics in a freely sus-
pended soap film.

Studies of these GB structures, which form near equi-
librium, reveal that they are faceted at “atomic” scales with
w=0, implying that the energy is constant along the GB. By
measuring the occurring probability of grain boundaries as a
function of their misfit angleu we obtained GB energyEsud,
which is shown to be in good agreement with the Read-
Shockley prediction in a two-dimensional(2D) system. An
interesting observation is that external periodic vibrations of
,100 Hz can induce GB migration and grain rotation when
the vibration energyEV is sufficiently large. Under certain
conditions, all GBs can be eliminated, resulting in a large
single-domain crystal. Furthermore, the total length of GBs
is found to decay logarithmically in time with a decay rate
increasing withEV.

Our experimental setup is similar to the one used previ-
ously with minor changes[9]. A schematic diagram of the
setup is shown in Fig. 1(a). The particles used are mono-
dispersed 1mm diameter polystyrene beads, which behave
like hard spheres. The 2D film of colloidal monolayer is
formed by dipping a thin plastic frame into the bulk suspen-

sion, containing,33% solid volume of particles, and with-
drawing it slowly upwards. Owing to gravity, the film thins
to a thickness comparable to the particle size, leading to the
curving of the water/air interfaces between particles. This
curved meniscus exerts an attractive capillary force between
particles, causing them to self-assemble into a 2D array[9].
Simple calculations show that the capillary force is much
stronger than the electrostatic force and thus dominates the
particle-particle interaction[10]. The kinetics of self-
assembly are rapid and robust in that once the 2D array is
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FIG. 1. (Color online) (a) Experimental setup. The top sketch
provides a side view from a direction parallel to the plastic frame.
The inner cell is made of Teflon. The thin plastic frame has a rect-
angular hole that supports the 2D colloidal crystal film. The Teflon
cell is kept in a larger glass cell that is covered on the top by a
Teflon cap to keep the humidity inside the cell constant.(b) The
dark-field microscopic picture of a typical polycrystalline colloidal
film. (c) A sketch for the definition of grain boundary misfit angleu
and the grain boundary orientation anglew.

PHYSICAL REVIEW E 70, 020401(R) (2004)

RAPID COMMUNICATIONS

1539-3755/2004/70(2)/020401(4)/$22.50 ©2004 The American Physical Society70 020401-1



formed, it can last almost indefinitely in a high humidity
environment. This “frozen-in” structure is metastable, re-
flecting a particular particle conformation at the moment of
film formation when the ambient temperature is 25 °C.

We illuminate the colloidal array with a white-light source
from behind the film and image the crystal structures using a
video camera equipped with a 203 sor 503 d long-working-
distance optical microscope objective. The GBs appear either
as black lines between homogeneous bright domains of crys-
tal grains(normal transmission microscopy) when light im-
pinges perpendicularly to the film, or as the border lines
between mosaics of colored domains[Fig. 1(b), color for
online version] due to Bragg diffractions(dark-field micros-
copy) when the light shines on the film with an incident
angle of,60°. We noted that owing to the absence of mul-
tiple scattering, the color from Bragg diffraction in the 2D
crystal is much more vivid than that seen in three-
dimensional(3D) colloidal crystals.

Mechanical vibrations at an acoustic frequency are ap-
plied to the bulk suspension by mounting the sample cell on
a loudspeaker that is excited vertically by a sinusoidal wave
from a signal generator. The acoustic wave can efficiently
transmit kinetic energy to the particles, causing them to
move in the film. To make sharp images of the particles, we
excite the film with pulse trains of sinusoidal waves each
lasting about 0.5 s with a 1.5 s interval between adjacent
pulses. The frequency of the sinusoidal signals is 120 Hz,
corresponding to 60 oscillations within a single pulse. Snap-
shots are taken during the quiescent period between the vi-
brations. A sequence of pictures taken at different times
shows the evolution of the microdomain structures of col-
loids in the film.

In the following, we report measurements without vibra-
tions. The 2D crystals obtained in this case are polycrystal-
line [Fig. 1(b), color for online version], where the color
mosaic domains correspond to different Bragg diffracted col-
ors or different crystal orientations. Using the 503 magnifi-
cation objective, the small- and large-angle GBs can be eas-
ily identified, which are shown in Figs. 2(a) and 2(b),
respectively. It can be seen that small-angle GBs are com-
posed of sequences of wedge-(,) or line-shaped(2) defects

that are actually dislocations. If one tries to construct a hexa-
gon loop surrounding the inner core as in the inset of Fig.
2(a), this so-called Burgers circuit fails to close itself, indi-
cating a dislocation characterized by the Burgers vector. De-
spite the fact that the cores of dislocations appear to be quite
normal, i.e., the nearest neighbors of each particles are com-
posed of seven- and fivefold disclinations[11], certain GB
structures seen in our system are different from other colloi-
dal and magnetic bubble systems[12,13]. For instance, the
wedge- and line-shaped defects have not been reported in
those systems. This difference in the GB structure may be
attributed to the different particle interactions in the 2D film
or the buckling of particles into the third dimension, perpen-
dicular to the film.

The large-angle GBs of our system also possess interest-
ing features. Though they are irregular on macroscopic
scales[black lines in Figs. 4(a)–4(f)], on microscopic and
mesoscopic scales the lines are faceted. In other words, the
interfaces are most likely to be along one of the six possible
crystalline axes of the two grains. This is indicated by the
white dashed lines in Fig. 2(b). Thus, the orientation of large-
angle GBs assumes a nearly constant valuew=0, leading to
u being the only remaining degree of freedom of the large-
angle GBs in our system. This seems to be the natural choice
because the GB energy density remains constant along the
boundary between two grains. This is, however, in contrast to
3D systems where GBs are commonly observed to lie in a
symmetrical position between the neighboring grains[3,4].
Although faceted GBs have also been observed in three di-
mensions, their formation is found to be correlated with im-
purity contents, and thus attributed to residual impurities
rather than energetic reasons[3,4].

In order to estimate the energy associated with the GBs,
we measured the probability density functionPsud of the
misfit angleu with no external vibration, wherePsuddu is
defined as the probability of a GB with a misfit angle be-
tweenu andu+du. If the system is near equilibrium,Psud is
just the nucleation probability of a GB, which can be related
to the energyEsud by the Boltzmann distribution:Psud
=P0 expf−aEsud /kBTg. Here,kBT is the thermal energy,P0 is
the normalization constant, anda is the lattice spacing of the
2D crystal. Because of the sixfold symmetry of the lattice
and fixedw, the maximum misfit angle can vary between 0°
and 30°. The measuredPsud is delineated in Fig. 3, which

FIG. 2. Microscopic morphology of GBs.(a) Typical structures
of small-angle GBs consists of separated wedge-(,) or line-shaped
(—) defects. The inset shows that, shaped defects are actually
dislocations. The white line is the Burgers circuit with the Burgers
vector connecting points S and E.(b) Typical configurations of
large-angle GBs. The white dashed lines show that the GBs are
parallel to the crystalline graphic axes.

FIG. 3. (a) The measured probability of the misfit angleu. The
error bars are standard deviations.(b) Psud is the normalized
probability of u. The solid curve is the fit to the theoretical curve
Psud=P0 expf−aEsud /kBTg.
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represents an average over more than 700 independent ad-
joining GB pairs. It is evident from the figure that the large-
angle GBs are statistically more favorable than the small-
angle ones, implying that they take less energy to form.
Another interesting feature of the probability functionPsud is
a sudden drop foru,5°. Naively, one would expect that the
energy associated with the GBs of a very small misfit angle
is small, corresponding to a high probability of occurrence.
This certainly is not what was observed in the measurement.
This peculiar effect can be explained by the kinetics of GB
formation, i.e., for the given noise levelkBT, GBs with en-
ergy per dislocationaEsudøkBT are spontaneously annealed
during crystal formation and are thus not observed in the
measurement. During the experiments, the rapid disappear-
ing of small-angle GBs by the dislocation movements was
indeed observed.

Based on a linear elastic theory, Read and Shockley have
given an analytic expression for the GB energyEsud per
lattice spacing in terms ofu andw [1]

«sud = aEsud = «oufA − lnsudg, s1d

where«0 andA are slow varying functions ofw and can be
considered as constants. The theory assumes the crystal to be
isotropic, characterized by two Lamé coefficients, which is
indeed the case for a 2D triangular lattice. Physically, the
«0uA term in Eq.(1) represents the energy of individual dis-
locations, and the second term«0u lnsud is due to the inter-
actions between the dislocations. It is believed and also ex-
perimentally observed in some 3D systems[14] that this
result is valid not only for small-angle GBs but also for
large-angle ones, although its theoretical justification is ques-
tionable. In the current experiment,u was measured up to
30° and the small-angle approximation will be assumed. In
the limit w=0, the parameters in Eq.(1) are simplified with
the result:«0=Ka2/8p andA=Ec−Ka2 lns2pd /8p, whereK
is the Young’s modulus,a is the particle spacing, andEc is
the dislocation core energy. A few of our observations are
consistent with the Read-Shockley predictions[1,15]. One
can plot lnPsud /u as a function of lnu. The slope of the plot,
delineated in Fig. 3(b) yields «0/kBT=11, which gives the
Young’s modulus of 1.1310−3 erg/cm2 for these embedded
2D colloidal crystals. Comparing with the vibration energy
needed to induce the GB migrations(to be discussed below),
the energy scale of«0 is of the same order of magnitude of
the vibration energy.

We next investigate the effect of external vibration on the
coarsening of GBs. The vibration energy is coupled to the
particles in the soap film because the bottom of the film is in
contact with the bulk suspension. In order to characterize the
vibration strength, we define an energy scaleEV, which is the
average kinetic energy of a particle near the bulk liquid sur-
face normalized by the thermal energy,EV=4p2mf2Z2/kBT.
Herem is the particle mass,f is the vibration frequency,Z is
the vibration amplitude,kB is the Boltzmann constant, andT
is the absolute temperature.

After the application of vibrations, the GBs are observed
to migrate and to shrink in length. A series of pictures taken
at different times in Fig. 4 show how GBs evolve with time.

Typically one observes that GBs decrease in number and are
finally eliminated. The detail of GB migration is, in general,
rather complex because the mobility of a GB depends not
only on the misfit angleu, but also on the local stress field.
As a result, the mobility is not a constant, but varies along
the GB. However, simple features can be extracted:(1) A GB
simply translates normally to its orientational direction, re-
sulting in the shrinkage of one domain and the growth of the
other. In the process, the GB is straightened, reducing the
surface energy of the boundary as indicated by long arrows
in Figs. 4(a) and 4(b). (2) A large-angle GB transforms to a
small-angle one which disappears rapidly through the fast
motion of dislocations, as indicated by short arrows in Figs.
4(a) and 4(b). It is obvious that such a transformation must
be accompanied by a relative rotation of the two neighboring
grains, implying that the net torque acting on the grains is
not zero. These observations are in agreement with previous
experimental and computer simulations for atomic systems
in three dimensions[6–8].

In order to investigate the global evolution of the GBs
with time, the total lengths of GBs are measured. The total
length L, if multiplied by a unit GB energy averaged over
different misfit anglesu, is a measure of the total GB ener-
gy. Shown in Fig. 5 is the measuredL of GBs as a function
of time for three different vibration amplitudes. Though
the data are admittedly noisy for individual runs, the trend
however is clear and is consistent with the logarithmic decay
of the form L,−a lnstd+L0. We note that as the vibration
energyEV increases, the decay ratea on this logarithmic
time scale also increases and approximatelya,EV

1/3. For a
sufficiently large vibration energysEV=105d, such as the
last curve shown in Fig. 5, a steady state withdL/dt=0
can be reached withL being a constant at long times.

FIG. 4. Snapshots of GB evolution under vibration. The normal-
ized vibration energyEV=105 is fixed, and the timet is indicated in
each picture.
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This behavior is a result of the competition between anneal-
ing and creation of new GBs when the external force is
significantly large. However, even under such a strong exter-
nal excitation, the logarithmic decay is still observed in the

intermediate times as demonstrated by the last two curves in
Fig. 5.

In summary, we have utilized a 2D system of colloidal
particles embedded in a soap film to study the physics asso-
ciated with GBs. A way of measuring GB energy has been
demonstrated by using the probability density function of the
misfit angleu. We also investigated the dynamics of GBs
driven by external mechanical vibrations. It is shown that the
GB evolves through curvature reduction and grain rotation,
and that the total length of grain boundaries decays logarith-
mically with time. The observation of the logarithmic decay
is new and intriguing because most theoretical models based
on curvature-driven[16] or rotation-induced[8,17] grain
growth predict power-law behavior in long times. However,
the logarithmic growth was predicted in a more sophisticated
model in which the GB curvature is coupled to the rotational
degrees of freedom[18,19]. The coarsening dynamics seen
in our system also bear resemblance to glasses where frus-
trations conspire to create energy barriers on different scales,
resulting in dynamics that are “sluggish” and decay in a
logarithmic fashion[20–22]. As shown recently by Boyer
and Vińals, such slow dynamics can indeed be solutions of
the Swift-Hohenberg model of pattern formation even in the
absence of quenched disorder[21,22]. The problem of GB
dynamics is a significant one and is largely unsolved. This
calls for more concerted efforts between theory and experi-
ments.
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FIG. 5. The total length of GBs vs time for three different vi-
bration energies:EV=24, 31, 105, and 105 arranged from the top to
the bottom. The last two runssEV=105d are duplicates but with
different initial conditions. The dashed lines are fittings toL,
−a lnstd+L0. The inset shows the fitted valuea vs the vibration
energyEV (squares) where the solid line is the fittinga,EV

b with
b<0.33.
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