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Dynamical heterogeneities approaching the binary colloidal glass transition
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We study concentrated binary colloidal suspensions, a model system which has a glass transition
as the volume fraction ¢ of particles is increased. We use confocal microscopy to directly observe
particle motion within dense samples with ¢ ranging from 0.4 to 0.7. Our binary mixtures have a
particle diameter ratio ds/dr = 1/1.3 and particle number ratio Ns/Nr = 1.56, which are chosen
to inhibit crystallization and enable long-time observations. Near the glass transition we find that
particle dynamics are heterogeneous in both space and time. The most mobile particles occur in
spatially localized groups. The length scales characterizing these mobile regions grow slightly as the
glass transition is approached, with the largest length scales seen being ~ 3 small particle diameters.
The glass transition occurs at ¢4 ~ 0.58, with characteristic signs of aging observed for all samples

with ¢ > ¢q.

PACS numbers: 62.43.Fs (glasses), 64.70.Pf (glass transitions), 82.70.Dd (colloids), 61.20.Ne (structure of

simple liquids)
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I. INTRODUCTION

As the temperature of a glass-forming liquid is lowered,
the viscosity rises by many orders of magnitude, becom-
ing experimentally difficult to measure, with little change
in the structure |1, 12, 13, 4]. The origin of the slowing
dynamics is not clear, despite much experimental, com-
putational, and theoretical investigations. One intrigu-
ing observation is that as a sample approaches the glass
transition, the motion within the sample becomes spa-
tially heterogeneous |5, []. While overall motion within
the sample slows, some regions exhibit faster dynamics
than the rest of the sample, and over time these mo-
bile regions arise and disappear throughout the sample.
Within the mobile region particles move cooperatively,
forming spatially extended clusters and strings |7, I8, 19].

We study the glass transition of binary colloidal sus-
pensions using confocal microscopy [10]. Because col-
loidal particles are large and slow enough to observe di-
rectly, suspensions are attractive systems in which to
study slowing dynamics [11]. The control parameter is
the particle volume fraction ¢, with increasing ¢ leading
from the liquid to glassy state [11, [12]. We use binary
suspensions (mixtures of two particle species) to inhibit
crystallization. This allows us to take data over many
hours, a time scale in which a monodisperse sample would
crystallize [13]. Furthermore, this lets us investigate the
role the two particle species play in the dynamics; prior
work has suggested that small particles play a lubricating
role in the local dynamics [14].
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The confocal microscope enables direct visualization of
the interior of the sample, and we follow the motion of
several thousand colloidal particles within each sample
[10]. Particles move in spatially heterogeneous groups,
and we characterize this motion using two-particle two-
time correlation functions [1§, [16, [17] that have previ-
ously been used on monodisperse suspensions [18]. From
these we extract a length-scale for the heterogeneity,
which increases as the glass transition is approached. By
simultaneously tracking both large and small particles,
we can observe the similarities and differences between
the two species’” dynamics. In particular, we see that
small local composition fluctuations influence mobility.
As might be expected, regions with more large particles
tend to be less mobile, while those with more small par-
ticles tend to be more mobile.

II. EXPERIMENTAL METHOD

Suspensions are prepared from poly-(methyl-
methacrylate) (PMMA) colloids stabilized sterically
by a thin layer of poly-12-hydroxystearic acid [11].
Mixtures are binary, with a large particle mean ra-
dius ar, = 1.55 pm and small particle mean radius
as = 1.18 pum, the same size particles used in prior
work by our group [19]. The polydispersity is 5%; each
individual particle species can crystallize in a monodis-
perse suspension. Separately from the polydispersity,
the mean particle radii each have an uncertainty of
4+0.02 pm. The number ratio of small particles to
large particles is Ng/Np = 1.6, resulting in a volume
fraction ratio ¢g/¢r ~ 0.70. The control parameter is
the total volume fraction ¢ = ¢g + ¢r. All particles
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are fluorescently dyed and suspended in a density-
and index-matched mixture of decalin and cyclohexyl
bromide to prevent sedimentation and allow us to see
into the sample. Particles are slightly charged as a result
of the dyeing process and this particular solvent mixture

].  We note that crystallization and segregation
were not observed to occur during the course of our
measurements.

Suspensions are sealed in microscope chambers and
confocal microscopy is used to observe the particle dy-
namics at ambient temperature ﬂm, ] A representa-
tive two-dimensional image is shown in Fig.[[l A volume
of 55 x 55 x 20 um?® can be taken at speeds of up to 1 Hz.
(As will be shown later, in these concentrated samples,
particles do not move significantly on this time scale.) To
avoid influences from the walls, we focus at least 25 ym
away from the coverslip.

FIG. 1: A two-dimensional image of our sample taken by a
confocal microscope. The size of this image is 55 x 55 um?,
and the scale bar represents 10 pm.

Within each three-dimensional image, we identify both
large and small particles. In practice this is accomplished
with a single convolution that identifies spherical, bright
regions ﬂﬂ], the convolution kernel is a three-dimensional
Gaussian with a width chosen to match the size of the
image of a large particle. The distribution of object sizes
is typically bimodal, and the two peaks can be identified
with small and large particles. This particular method
is the same as is normally used to follow particle motion
in two dimensions, which normally can achieve sub-pixel
resolution in particle positions ﬂﬁi However, given that
a single convolution kernel is used to identify both parti-
cle types, in practice when applied to our binary samples
n three dimensions, we do not achieve this accuracy. In
practice, our uncertainty in locating particle positions is

set by the pixel scale and is 0.2 pym in all three dimen-
sions. However, we do achieve accurate discrimination
between large and small particles with this method, with
less than 1% of the particles misidentified.

III. RESULTS AND DISCUSSION
A. Structural characteristics

We begin by looking at the structure of the binary
sample. Shown in Fig. 2] is the pair correlation function
g(r) of a sample with volume fraction ¢ = 0.57. g(r)
relates to the likelihood of finding a particle a distance
r away from a reference particle. The dotted line is for
correlations between two small particles, with a peak at
~ 2ag = 2.36 pm, confirming our small particle radius.
Likewise the dashed line shows correlations between two
large particles, peaking at & 2a;, = 3.10 um. When ¢g(r)
is calculated for all particles, regardless of size, the result
is the solid line in Fig.[2l A lower, slightly broader, peak
is found near the average diameter of ar +ag = 2.73 pm.
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FIG. 2: The pair correlation function g(r) for a sample with
volume fraction ¢ =0.57. The solid line represents g(r) for
both large and small particles combined; the dashed line that
of large particles alone; and the dotted line that of small par-
ticles alone.

B. Dynamical slowing

We first consider how the motion of particles slows as
the volume fraction increases and approaches the glass
transition. Figure [B] shows results of the mean square
displacement (MSD) (Ar;?) of large and small particles,
where Ar; = Ar;(At) denotes the displacement of i-th
particle in lag time At, and the brackets an average over
all particles and times observed. Figure [B] shows that
as the volume fraction increases, particle motion slows
significantly, as expected. At ¢ = 0.4, small particles



take tens of seconds to move a distance a25 = 1.4 pm?;
at ¢ = 0.59 the time has grown to more than 10% s. For
the lowest volume fraction samples, comparing the two
particle species, we find that (Ar%)/(Ar?) =~ ar/ag, as
expected from the Stokes-Einstein equation.

As the volume fraction increases, the MSD plots show
a characteristic plateau, interpreted as “cage trapping.”
Particles cannot diffuse freely, but instead are surrounded
by their nearest neighbor particles which form a transient
cage [22, 123, 124, 125, 126, 27]. The upturn in the MSD
curve is identified with the rearrangements of the cage,
allowing the particle within the cage to move to a new
location, perhaps caged by different particles. Although
the smaller particles move faster than the large particles,
MSD curves for both show upturns at similar time scales,
indicating that their dynamics are strongly coupled [14].
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FIG. 3: (Color online) A log-log plot of mean square displace-
ment versus time lag for large particles (a) and small particles
(b). Note that our resolution means we cannot measure mean
square displacement values less than 0.1 pm?, and thus the
plateau height of curves for the highest volume fraction data is
set by this limit, rather than the dynamics. The slight upturn
for those curves at large values of At is above our resolution
limit.

For the samples with ¢ > ¢, ~ 0.58, the MSD
curves are nearly flat, suggesting that on our exper-
imental time scales, these samples behave as glasses.
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FIG. 4: (Color online) MSD plot taken of the same ¢ = 0.59
sample from three different times (early, middle, late). The
time-dependence of (Ar2> is clearly seen, indicating the pres-
ence of aging. As ¢ = 0.59 is the lowest volume fraction in
which this behavior is seen, we conclude that the glass tran-
sition occurs below at ¢4 ~ 0.58

Glasses are fundamentally non-equilibrium systems, so
that physical properties for glasses depend on the prepa-
ration history in general and, in particular, the time
since they were initially formed. This time-dependence is
known as aging, and can be quantified by examining the
MSD at different times since the start of the experiment
[14, 128, 129]. Figure M shows MSD data from ¢ = 0.59.
The top/middle/bottom curve is data from the motion
over the first/second/third of the experimental run. The
sample is most active immediately after being formed,
and continues to slow down as time elapses. The aging of
the MSD appears in samples for ¢ > 0.58, while no sam-
ples for ¢ < 0.58 show aging. From the onset of aging,
we conclude that the glass transition point is at volume
fraction ¢ = 0.58, similar to that seen for monodisperse
samples [11]. Note that our particle size uncertainty of
+0.02 pm (radius) leads to a systematic volume fraction
uncertainty of £4%, so our estimate is ¢4 = 0.58 £ 0.02
as a comparison with prior work.

Particles involved in a cage rearrangement event move
significant distances compared to when they are caged,
and prior work noted that the distribution of displace-
ments is unusually broad on the time scale of the re-
arrangement |25, [30]. This is quantified by calculating
the non-Gaussian parameter as(At), which for a one-
dimensional distribution of displacements is defined as

(Aat)
3@ Y

where Az = Az(At) denotes the one-dimension displace-
ment for time lag At [31]. If the distribution of dis-
placements Az is Gaussian, then as; = 0 by construc-
tion. If events with large displacements are more com-
mon than would be expected from a Gaussian distribu-
tion, then as > 0. Figure Bl shows the results of the

a9 (At) =
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FIG. 5: (Color online) A semi-log plot of the Non-Gaussian
Parameter a2 versus lag time for large particles (a) and small
particles (b). Since ap is sensitive to noise, we show only a
few results.

non-Gaussian parameter (NGP) for one-dimension dis-
placements of large and small particles. The curves peak
at time scales where cage rearrangements are most im-
portant [7,19], and thus coincides with the upturn of the
MSD curves. s is fairly sensitive to experimental noise,
and thus we only show a few curves in Fig. (For ex-
ample, the downturns at large At for the low volume
fraction curves are probably not real.)

Figure[d also reveals that the motions of the small par-
ticles are more heterogeneous, with the maximum NGP
peaking above 1.5 for the small species but only reaching
0.8 for the large species. This is consistent with recent
observations of aging binary colloidal glasses, which like-
wise found the small particles had more “non-Gaussian”
motion [14].

From Figs. [ and [B] we conclude that the dynamics of
the large and small particles are qualitatively the same,
although with small quantitative differences. In particu-
lar, the time scale over which particles escape cages is the
same for both, as is the time of peak non-Gaussianity. In
much of the subsequent analysis, therefore, we consider
both species together in order to obtain better statistical

validity.

C. Local environment influences mobility

We wish to understand the origins of dynamical het-
erogeneity. For a hard-sphere system, or an overdamped
system such as our experimental colloidal suspension, the
only variable is the local structure. Clearly structure has
some relation with particle mobility [32], although this
relationship may be difficult to see and not directly pre-
dictive in nature [33]. Prior work found that more dis-
ordered environments are weakly correlated with higher
particle mobility 25, 129], and a recent study of aging bi-
nary colloidal glasses found a relation between the local
composition and the mobility [14].

We quantify a particle’s local environment by count-
ing its nearest neighbors Ny, defined as particles closer
than the first minimum of the pair correlation function
for the large particles, 3.8 pym (Fig. 2], and distinguish
between large and small neighbors. Figure [l shows that
the number of neighbors of a given type has a strong
influence on the mobility of a particle. Particles with
more large neighbors have, on average, a lower mobility,
while those with more small neighbors a larger mobility.
These observations agree with studies of aging in binary
colloidal glasses, |14] and are reminiscent of prior rheolog-
ical observations of binary suspensions [34, 135, 136] which
noted that binary mixtures have lower viscosities than
single-component samples with equivalent total volume
fraction. The reasoning is that binary suspensions can
in general be packed to higher volume fractions, and so
have more free volume than monodisperse samples at the
same volume fraction. Figure [0] suggests that the small
particles indeed “lubricate” large particles, as previously
proposed [36] Conversely, large neighbors significantly in-
hibit the motion of both large and small particles. The
lubricant effect for large particles (which have less free
volume) is less pronounced, agreeing with prior obser-
vations of monodisperse suspensions which found that
regions of mobility correlated with regions of larger free
volume. [25]

D. Cooperative motions

In dense supercooled liquids, it is known that the dy-
namics are anomalous, with the large displacements rare,
but more common than a Gaussian distribution would
predict. It is also clear that, in many materials, the par-
ticles that have larger than average displacements are
distributed in a spatially heterogeneous fashion [6, [1].
In monodisperse colloidal systems, direct imaging using
microscopy found that particles rearrange in cooperative
groups [8, 19, 37]. Following the prior work, we charac-
terize the cooperative nature of colloidal rearrangements
by studying the dynamics over a time scale At* that
corresponds to the maximum of the NGP |7, [9]. The
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FIG. 6: Large particle mobility as a function of the number
of large and small nearest neighbors Nyn. The panel (b)
shows small particle mobility. Mobility is very sensitive to the
number of large neighbors, decreasing sharply as the number
of large neighbors increases. The number of smaller neighbors
has a weaker, yet measurable, impact. These data are for
volume fraction ¢ = 0.53, using a time scale At = 3780 s to
define displacements.

maximum displacement of a particle over that time D, is
defined as

Di =
(1) = max (

ri(t2) — ri(t1)]) (2)

where max; ;+as+(X) is the maximum value of X using
times t1, to such that ¢t < ¢; < to < t+ At*. Taking
the maximum displacement results in a quantity that is
less sensitive to random Brownian motion than the or-
dinary displacement Ar. Following prior work, ﬂj, @] a
threshold D*(¢) is chosen such that on average, 5% of
the particles at any given time have D;(t) > D*. These
particles are termed “mobile particles” and generally are
the ones undergoing cage rearrangements. (Note that at
any particular time, the fraction of particles matching
this definition is not required to be 5% [20]).

Figure [0 shows snapshots of our system, highlight-
ing the mobile particles. Clusters of these mobile par-
ticles are visible, in agreement with previous work which

FIG. 7: (Color online) Snapshots of system for ¢ = 0.53 (up-
per) and ¢ = 0.59 (bottom). The red particles are mobile, all
other particles are blue. Mobile particles are defined as those
making the largest displacements at this particular moment
in time; see text for further details. We set the time lag for
the displacement as the cage breaking time scale (the peak
time of the NGP tngp) which is At* =3000 s for ¢ = 0.53
and t* =5070 s for ¢ = 0.59.

found similar mobile regions ﬂj, 9, @] The clusters are
somewhat smaller than those seen previously in single-
component colloidal suspension ﬂg], apparently the dy-
namics in binary mixtures are less spatially heteroge-
neous. Our result is in agreement with the results of a
simulation study for polydisperse hard-disk systems @],
which found that polydispersity reduces dynamic hetero-
geneity. It is also apparent in Fig. [l that the number of
mobile particles is similar for the two particle sizes. This
reinforces are earlier decision to consider both large and
small particles as one for statistical calculations.

E. Correlation functions and dynamic length scales

Pictures such as Fig. [l are qualitative evidence of dy-
namical heterogeneity. For quantitative information, we
consider the vector and scalar spatial-temporal correla-
tion functions [17] Sar(R, At) and Ss,. (R, At) defined as

<A’I"i . Arj>pair

Sar(R,At) = ARy (3)
(0r;orj) .

Ssr(R, At) = pair (4)

{(6r)?)
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FIG. 8: (Color online) Semi-log plot of the correlation func-
tions in which the distance R = 2.73 pm is set as the first peak
of the pair correlation function for all (large+small) particles.
(a) represents the vector correlation (Eqn. @), and (b) the
scalar correlation (Eqn. ().

The vector function Sar(R,At) characterizes correla-
tions in the vector displacements Ar; = r;(t+At) —7;(t);
the corresponding scalar function Ss,.(R,At) uses the
scalar distance dr; = |Ar;| — (|Ar;]). The angle brackets
() denote an average over all particle pairs with sepa-
ration R at initial time ¢ as well as an average over ¢.
The denominators of both correlation functions are av-
eraged over all particles and time, and do not depend
on R. The correlation function defined by Eqn. @) indi-
cates a vector correlation, and that defined by Eqn. (@)
a scalar correlation. If particles correlate perfectly, the
both correlation functions are unity. These correlation
functions give information about spatial correlations for
fixed lag time At, and about temporal dependence of the
correlations for fixed separation R. We calculate these
functions for all pairs of particles, without concern for
the particle sizes, both to improve our statistics and be-
cause we do not find significant differences for large and
small particles only.

Figure [8 shows the lag time dependence of these cor-
relation functions, in which the distance R is set as the

first peak distance of the pair correlation function g(r)
(see Fig. ). At time scales larger than those shown in
Fig. B the results become too uncertain, due to lack of
data. In intermediate volume fraction region (¢ < 0.6),
both correlation functions increase with At. In conjunc-
tion with Fig. Bl this suggests that larger motions are
more correlated with the motions of their neighboring
particles. In particular, as At — tngp, the scalar corre-
lation is clearly important and thus cooperative motions
are relevant for the relaxation. This agrees with prior
experiments [9, [18].

For glassy samples (¢ > 0.6) the correlation functions
show no real dependence on the lag time. Additionally,
their values are small, suggesting that there is little cor-
relation of the motion of neighbors. This is both be-
cause there is little overall motion in glassy samples (see
Fig.[]) and also the motion that does occur is dominated
by Brownian motion within the cage, which is less cor-
related that the motions responsible for cage rearrange-
ments [25].
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FIG. 9: Semi-log plot of the spatial correlation functions of

¢ = 0.54, where the time lag is set as Atngp = 3030s. The
dotted line represents an exponential function.

To consider the spatial dynamical heterogeneities, we
plot the correlation functions as a function of R in Fig.
(for ¢ = 0.54; results for other volume fractions are sim-
ilar). For small separations around R = 3.5 um, there is
a dip in the correlation functions, which corresponds to
the dip in the pair correlation function at the same posi-
tion (Fig. 2l); the peak around R = 2.8 pm likewise corre-
sponds to the peak of the pair correlation function. Thus,
a particle’s motion is correlated with that of its nearest
neighbors, while particles separated by a less structurally
favorable distance are less likely to have correlated mo-
tion.

We fit our data with an exponential function S =~
Aexp(—R/¢) and extract the decay length £. Figure [I0
shows both the vector (circles) and scalar (squares) decay
lengths vs. volume fraction. Both length scales gradually
increase as the volume fractions increase, although the in-
crease is more pronounced for the scalar length. These



lengths do not appear to diverge as the glass transition
(¢4 ~ 0.58) is approached, consistent with simulations of
binary Lennard-Jones mixtures [39]. The largest length
scale seen is ~ 7 pym~ 6ags ~ 4.5ar, similar to prior
studies of monodisperse colloids [1§].
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FIG. 10: (Color online) The relationship between the length
scales and the volume fraction. The symbols indicate the av-
erage value, and the error bars show the range of values found
for different lag times At. These length scales are extracted
from the vector correlation function for all particles (large +
small). For volume fractions where points are missing, the
scalar mobility correlation function did not decay exponen-
tially and thus no length scale was determined.

IV. SUMMARY

We have used confocal microscopy to study three-
dimensional motion of particles in binary colloidal mix-

ture. The volume fraction ¢ is varied from 0.4-0.7 and
a glass transition, characterized by aging dynamics, is
found at ¢ =~ 0.58. The dynamics of large and small
particles are qualitatively similar. At volume fractions
approaching the glass transition, both show an increase
in motion at the same characteristic cage breaking time
scale. This time scale also corresponds with the time
over which the motion of both particles have the least
Gaussian distribution. The number of mobile particle
of large and small particle is also comparable. Particle
motion is facilitated by the presence of small neighbors,
and inhibited by large neighbors, consistent with the idea
that small particles serve as lubricants. We have inves-
tigated the vector and scalar correlation functions and
extracted specific length scales associated with the decay
in correlation. This length slightly increases with vol-
ume fraction, although it does not appear to diverge as
the glass transition is approached.
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