
OFFPRINT 

Correlated rearrangements of disordered 
colloidal suspensions in the vicinity of the 

reentrant glass transition 

Zachery Brown, Martin J. Iwanicki, Matthew D. Gratale, 
Xiaoguang Ma, A. G. Yodh and Piotr Habdas 

EPL, 115 (2016) 68003 

Please visit the website 
www.epljournal.org 

Note that the author(s) has the following rights: 
– immediately after publication, to use all or part of the article without revision or modification, including the EPLA-

formatted version, for personal compilations and use only; 
– no sooner than 12 months from the date of first publication, to include the accepted manuscript (all or part), but 
not the EPLA-formatted version, on institute repositories or third-party websites provided a link to the online EPL 
abstract or EPL homepage is included. 
For complete copyright details see: https://authors.epletters.net/documents/copyright.pdf. 

A LETTERS JOURNAL EXP LOR I NG 
THE FRONTIERS OF PHYSICS 

https://authors.epletters.net/documents/copyright.pdf
www.epljournal.org


A LETTERS JOURNAL EXPLORING 

THE FRONTIERS OF PHYSICS 

AN INVITATION TO 
SUBMIT YOUR WORK 

epljournal.org 

The Editorial Board invites you to submit your letters to EPL 

EPL is a leading international journal publishing original, innovative Letters in all 

areas of physics, ranging from condensed matter topics and interdisciplinary 

research to astrophysics, geophysics, plasma and fusion sciences, including those 

with application potential. 

The high profile of the journal combined with the excellent scientific quality of the 

articles ensures that EPL is an essential resource for its worldwide audience. 

EPL offers authors global visibility and a great opportunity to share their work 

with others across the whole of the physics community. 

Run by active scientists, for scientists 

EPL is reviewed by scientists for scientists, to serve and support the international 

scientific community. The Editorial Board is a team of active research scientists with 

an expert understanding of the needs of both authors and researchers. 

A LETTER S OURNAL EX PLOR NG 

THE FRO NT ERS OF PHYS CS 

www.ep journal.org 

Volume 112 Number 1 

October 2015 

A LETT ERS OURNAL EXPLOR NG 

THE FRONT ERS OF PHYS CS 

Volume 114 Number 1 

April 2016 

A LE T TERS JOURNAL EXPL OR N G 

T HE FRONT ERS OF PHYS CS 

Volume 113 Number 1 

January 2016 

epljournal.org 

https://epljournal.org


A LETTERS JOURNAL EXPLORING epljournal.org 
THE FRONTIERS OF PHYSICS 

568,000 
full text downloads in 2015 

OVER 

18 DAYS 

20,300 

average accept to online 

publication in 2015 

citations in 2015 

“We greatly appreciate 

the efficient, professional 

and rapid processing of 

our paper by your team.” 

Cong Lin 

Shanghai University 

Six good reasons to publish with EPL 
We want to work with you to gain recognition for your research through worldwide 

visibility and high citations. As an EPL author, you will benefit from: 

1 
Quality – The 60+ Co-editors, who are experts in their field, oversee the 

entire peer-review process, from selection of the referees to making all 

final acceptance decisions. 

2 
Convenience – Easy to access compilations of recent articles in specific 

narrow fields available on the website. 

3 
Speed of processing – We aim to provide you with a quick and efficient 

service; the median time from submission to online publication is under 

100 days. 

4 High visibility – Strong promotion and visibility through material available 

at over 300 events annually, distributed via e-mail, and targeted mailshot 

newsletters. 

5 
International reach – Over 3200 institutions have access to EPL, 

enabling your work to be read by your peers in 100 countries. 

6 
Open access – Articles are offered open access for a one-off author 

payment; green open access on all others with a 12-month embargo. 

Details on preparing, submitting and tracking the progress of your manuscript 

from submission to acceptance are available on the EPL submission website 

epletters.net. 

If you would like further information about our author service or EPL in general, 

please visit epljournal.org or e-mail us at info@epljournal.org. 

EPL is published in partnership with: 

IOP Publishing EDP Sciences European Physical Society Società Italiana di Fisica 

epljournal.org 

Socictli lta liana 
di Fisica 

€Cf> sciences IOP Pub sh ng 

mailto:info@epljournal.org
https://epljournal.org
https://epletters.net
https://epljournal.org


September 2016 

EPL, 115 (2016) 68003 www.epljournal.org 
doi: 10.1209/0295-5075/115/68003 

Correlated rearrangements of disordered colloidal suspensions 
in the vicinity of the reentrant glass transition 

Zachery Brown1 , Martin J. Iwanicki1(a), Matthew D. Gratale2 , Xiaoguang Ma2 ,  A.  G.  Yodh2 

and Piotr Habdas1(b) 

1 Department of Physics, Saint Joseph’s University - Philadelphia, PA 19131, USA 
2 Department of Physics and Astronomy, University of Pennsylvania - Philadelphia, PA 19104, USA 

received 5 August 2016; accepted in final form 17 October 2016 
published online 7 November 2016 

PACS 82.70.Dd – Colloids 
PACS 64.70.P- – Glass transitions of specific systems 
PACS 05.40.Jc – Brownian motion 

Abstract – We experimentally investigate correlated rearrangements (dynamic heterogeneity) 
in disordered colloidal suspensions as a function of increasing inter-particle attraction strength 
across the reentrant glass transition. Attractive interactions between constituent spheres are 
induced by polymer depletion forces at fixed particle volume fraction. We vary sample inter-
particle attraction strength and concurrently measure particle trajectories by confocal microscopy 
at each attraction strength. The reentrant transition from repulsive glass to ergodic fluid and from 
ergodic fluid to attractive glass is readily observed. As the inter-particle attraction increases, we 
find that inter-particle bonding causes an increasing number of particles to undergo cooperative or 
correlated displacements; the length scale associated with these correlated rearrangements exhibits 
reentrant behavior. Other dynamical quantities such as the mean square displacement, the long-
time diffusion constant, and the non-Gaussian parameter also exhibit changes as a function of 
attraction strength. Notably, the arrested (glass) states show small particle displacements at long 
lag times, whereas the fluid states exhibit fast dynamics over large length scales. 

Copyright �c EPLA, 2016 

Introduction. – Suspensions of spherical colloidal par-
ticles are well-known to undergo a glass transition as 
a function of volume fraction, � [1–4]. In hard-sphere 
glasses, for example, when � is increased to a critical 
volume fraction, �g ≈ 0.58, long-range particle motion 
ceases and the system enters a nonequilibrium glassy state 
wherein configurational cages form around the particles 
and restrict their motion [1,2,5,6]. Interestingly, the in-
troduction of short-range attractive interactions between 
particles in colloidal glasses can produce different classes 
of arrested states [7–9]. When the attraction strength 
between colloidal particles is increased from low to moder-
ate, repulsive, hard-sphere like glasses “melt” into an er-
godic fluid state [8–14], and as the attraction is increased 
further, the fluid system evolves into an attractive glass 
wherein bonding becomes the primary mechanism for ar-
resting particle motion [8,9,13]. 

(a)Present address: Department of Physics and Astronomy, Uni-
versity of Pennsylvania - Philadelphia, PA 19104, USA. 
(b)E-mail: phabdas@sju.edu 

This so-called reentrant glass transition is accompa-
nied by significant changes in particle dynamics, and 
many of these remarkable effects were revealed in light 
scattering [8,9,15], optical microscopy [11,12,14], simu-
lation [13,16–18], and theoretical work [7,10,19,20]. In 
hard-sphere glasses, ergodic fluids, and attractive glasses, 
for example, the particle dynamics change on different 
timescales. At short times, most particles in these sys-
tems undergo relatively small displacements. However, 
heterogeneous rearrangements within the system permit 
particles to become significantly more mobile at long 
times [12–14,21,22]. Previous experiments have clearly 
shown qualitative differences between heterogeneous dy-
namics in repulsive and attractive glass states at higher 
volume fractions [21]; notably, attractive glasses exhibit 
correlated dynamics involving larger numbers of parti-
cles compared to repulsive glasses. In total, this work 
suggests that many critical insights needed for micro-
scopic understanding of reentrant glass phenomenology 
can be derived from careful investigation of cooperative 
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rearrangements, or dynamic heterogeneity, in the vicinity 
of reentrance. 

In this letter, we experimentally investigate correlated 
rearrangements (dynamic heterogeneity) in disordered col-
loidal suspensions as a function of increasing strength 
of the inter-particle attraction across the reentrant glass 
transition. Attractive interactions between constituent 
spheres are induced by polymer depletion forces [23–28] 
at fixed particle volume fraction. We employ confocal 
microscopy to capture time lapse images of the samples 
and to obtain their particle trajectories. The trajectory 
information enables us to quantify heterogeneous dynam-
ics in these arrested systems as a function of attraction 
strength. We find significant differences in the number of 
cooperatively rearranging particles, as well as in the length 
scales over which colloidal particles rearrange in the vari-
ous states. Interestingly, the length scale associated with 
these correlated rearrangement regions exhibits reentrant 
behavior. Furthermore, dynamical quantities such as the 
mean square displacement, the long-time diffusion con-
stant, and the non-Gaussian parameter vary as a function 
of attraction strength. The arrested (glass) states show 
small particle displacements at long lag times, whereas the 
fluid states exhibit fast dynamics over large length scales. 
The results are described and rationalized herein. 

Experimental methods. – The particles in this 
study are sterically stabilized poly-(methylmethacrylate) 
(PMMA) spheres (radius R = 1.1 µm) containing rho-
damine dye. The polydispersity in particle size is ∼5%, 
which suppresses crystallization. The PMMA spheres 
are suspended in a mixture of cyclohexylbromide (CXB) 
and decalin (∼85% CXB, ∼15% decalin) which matches 
the density and index of refraction of the colloidal parti-
cles with the solvent. To screen Coulombic interactions 
between PMMA particles, 2 mM tetra-butyl-ammonium 
chloride is added to the suspension [14,29]. Depletion 
attraction between PMMA particles is controlled by the 
addition of linear polystyrene (PS) polymer (Mw = 
5800000 Da, rg =  92  nm).  

To capture images of PMMA particles, we use an Olym-
pus IX81 inverted microscope with FV1000 confocal scan-
ning head, a HeNe laser, and a 60× oil objective (N.A. = 
1.42). We collect a series of 2D images (140.8 by 140.8 µm) 
in the bulk of the sample (with image plane located at least 
25 µm from the coverslip) every 2.18 s. Standard tracking 
techniques are used to determine particle trajectories [30]. 

Samples are prepared through centrifugation and dilu-
tion in microscopy chambers made from a coverslip glued 
to a bottomless vial using UV curable epoxy. In these 
chambers, after the initial solvent evaporation, the vol-
ume fraction and polymer concentration remain constant 
throughout the process of mixing, tumbling, aging, and 
data collection. To avoid centrifuging to the random loose 
packing (RLP) state instead of the desired random close 
packing (RCP) state [31], the process of obtaining specific 
volume fraction of the colloidal suspension is carried out 

in two steps. First, colloidal suspensions are centrifuged 
to a relatively high volume fractions of � ∼ 0.50. Next, 
after mixing, colloidal suspensions are centrifuged again 
to RCP where the volume fraction is �RCP ≈ 0.66 due 
to the polydispersity in particle size [14,32]. Finally, the 
samples are diluted to � ≈ 0.59 using a mixture of PS 
polymer in liquid that matches density and index of re-
fraction of the PMMA particles. The error in the volume 
fraction is set by the error in the measurement of RCP. 
The concentration of PS polymer, cp,  is  calculated  using  
the volume accessible to the polymer, V (1 − �), where V 
is  the  sample  volume.  We  vary  cp from 0 to 1.7 mg/ml. 
A metal stir bar is added to the samples to mix the PS 
polymer with the colloidal suspension. Additionally, the 
suspensions undergo tumbling for at least 24 hours to en-
sure homogenous mixing of PS polymer within the PMMA 
colloidal suspension [14]. Finally, the samples are placed 
on the microscopy stage and left to equilibrate for several 
hours before images are recorded [12,14,22]. 

Introducing the PS polymer increases the viscosity of 
the background solvent, which decreases the rate of diffu-
sion of the colloidal particles. Therefore, in order to com-
pare samples with different PS concentrations, the times 
are reported in Brownian time units. The true collection 
time, t, is scaled by the time it takes a single particle to 
diffuse its own radius at a specific polymer concentration 
tB = tD0/R2 ,  where  R is the particle radius and D0 is 
the bare diffusion constant in the dilute solvent-polymer 
solution used in the experiments [12,14]. The bare diffu-
sion constants for samples in this study are (in order of 
increasing cp) 0.083 ± 0.004, 0.066 ± 0.005, 0.062 ± 0.006, 
0.046 ± 0.002, 0.042 ± 0.004, and 0.029 ± 0.001 µm m2/s. 

Ensemble averaged dynamics. – Figure 1 presents 
a state diagram for the experimental system in which the 
solid squares correspond to samples studied, starting with 
a repulsive glass (cp =  0 mg/ml) and ending with an 
attractive glass (cp = 1.7 mg/ml). The transition lines 
are set by the attraction range, Δ = 2rg.  Using  known  
dynamical arrest transition lines for Δ = 0.16R [24], 
Δ = 0.28R [33], and Δ = 0.48R [8], we determine the 
state transition lines for Δ = 0.17R in our system. Note 
that the location of the transition lines is approximate due 
to colloidal particle size polydispersity [34]. 

Changes in particle dynamics with inter-particle attrac-
tion strength are quantified by the second moment of 
the particle displacement distribution or mean square dis-
placement (MSD). In fig. 2 we plot the ensemble-averaged 
mean square displacement (normalized by the particle 
radius squared) vs. the Brownian lag time. For the 
cp =  0 mg/ml and cp = 0.2 mg/ml samples, the MSD ex-
hibits a plateau at early lag times (ΔtB < 10) during 
which the particles are effectively caged by their neigh-
bors [6]. The plateaus for these samples fall in the range 
of 0.001–0.002R2 . The plateau regime is followed by an 
upturn in the MSD which is typically attributed to cage 
rearrangements [12,14]. 
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Fig. 4: (Color online) The “self”-parts of the van Hove cor-
relation function, Gs(x, ΔtB ), for all samples. The correla-
tion functions are plotted at lag times (a) ΔtB =  10  and  
(b) ΔtB = 100 Brownian units. cp =  0 mg/ml (�), cp = 
0.2  mg/ml (▽), cp = 0.4  mg/ml (△), cp = 0.9  mg/ml (�), 
cp = 1.2  mg/ml (+), and cp = 1.7  mg/ml (♦). Solid lines in 
(a) show representative Gaussian fits for cp = 0.4  mg/ml (△: 
wide fit) and cp = 0.9  mg/ml (�: narrow fit). Solid lines in (b) 
show exponential fits to the tails of the cp = 0.9  mg/ml (�), 
cp = 1.2  mg/ml (+), and cp = 1.7  mg/ml (♦) distributions. 
The inset in (b) shows the dimensionless decay rate of the 
correlation function exponential tails, �, vs. PS concentration. 
Larger � is indicative of smaller size correlated rearrangements. 

from their cages; the ergodic fluids exhibit higher values 
of D�/D0. The decrease of D�/D0 when the systems 
enter the attractive glass state signifies a slowing of the 
particle dynamics, but in this case the decrease of the par-
ticle dynamics is due primarily to particle bonding rather 
than particle caging [12–14,21]; particle caging is the pri-
mary mechanism for attenuated dynamics in the repulsive 
glasses. 

To further unravel the particle dynamics we calculate 
the “self”-portion of the van Hove distribution function 

1Gs(x, ΔtB ) = 
�N 

�[x + xi(0) − xi(ΔtB )], where xi is N i=1 

a particle displacement along one in-plane direction and 
N is the number of particles. The “self”-portion of the 

van Hove distribution function is essentially a probability 
distribution of displacements that describes the average 
motion of a particle after some lag time [33,35,36]. We 
plot Gs in one dimension for all samples at lag times of 
ΔtB = 10 (fig. 4(a)) and 100 (fig. 4(b)) in Brownian units. 

For lag times of ΔtB = 10 (fig. 4(a)) the distributions 
are nearly Gaussian with small non-Gaussian tails. These 
tails correspond to a small number of particles undergoing 
correlated displacements. Indeed, at ΔtB =  10  the  MSD  
for all samples, except the hard-sphere glass sample, starts 
exhibiting an upturn. The widths of these nearly Gaussian 
distributions scale with the value of the MSD at ΔtB = 10. 
The widest distribution corresponds to the cp = 0.4 mg/ml 
sample, where the value of the MSD is noticeably higher 
than the rest at ΔtB = 10. Furthermore, the narrowest 
distribution (cp = 1.7 mg/ml) corresponds to the small-
est value of the MSD at ΔtB = 10. The hard sphere 
(cp =  0 mg/ml) sample shows a narrow distribution, but 
it is considerably wider than the attractive glass (cp = 
1.7 mg/ml). This observation reflects the tight bonding in 
the attractive glasses and the increased mobility at short 
times in ergodic fluids. 

For ΔtB = 100 (fig. 4(b)), however, the distributions 
widen for all cp’s, indicating the presence of large particle 
displacements. This increase in particle mobility is accom-
panied by the increasingly non-Gaussian tails of the dis-
tributions. It has been suggested that the central portion 
of the van Hove distribution for some colloidal glass form-
ers should take on a Gaussian shape [33,37]. Additionally, 
in systems of attractive colloids undergoing dynamical ar-
rest, the tails appear to be well fit by exponentials [37]. 
Regardless, the existence of any non-Gaussian tails pro-
vides evidence of particles undergoing large displacement 
events and indicates that the samples are experiencing in-
creasingly heterogeneous dynamics. 

As the polymer concentration, cp, increases, we observe 
significant changes in the peaks and tails of the distribu-
tions at ΔtB = 100. These changes provide further illus-
tration of the reentrant glass transition. The hard-sphere 
like samples (cp =  0 mg/ml (�)  and  cp = 0.2 mg/ml (▽)) 
show well defined Gaussian peaks for displacements rang-
ing from 0 to ∼ 0.1R, with relatively small tails that do not 
fit to an exponential function very well. It seems that at 
low attraction strengths exponential tails are not present. 

The cp = 0.4 mg/ml sample (△)  shows  the  widest  
distribution width, but the tails still do not exhibit an 
exponential behavior. The change from hard-sphere to 
moderate attraction strengths is accompanied by a melt-
ing of the glass. This transition is seen in the widen-
ing of the van Hove distribution, which provides evidence 
that the particles have become increasingly mobile. By 
contrast, the distributions in the ergodic fluid region, for 
cp = 0.9 mg/ml (�)  and  cp = 1.2 mg/ml (+), exhibit 
large exponential tails of mobile particles. Further, their 
Gaussian peaks narrow as cp increases. 

This latter trend continues into the attractive glass 
regime (cp = 1.7 mg/ml ♦), where the distribution shows 
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Fig. 5: (Color online) The non-Gaussian parameter, �, vs. 
Brownian lag time, cp =  0 mg/ml (�), cp = 0.2  mg/ml (▽), 
cp = 0.4  mg/ml (△), cp = 0.9  mg/ml (�), cp = 1.2  mg/ml (+), 
and cp = 1.7  mg/ml (♦). The inset shows the amplitude of the 
non-Gaussian peak, �max (●) and Brownian lag time at which 

peak the non-Gaussian parameter peaks, ΔtB (■) vs. cp. 

a very narrow Gaussian peak corresponding to displace-
ments of 0 to ∼0.05R. This peak is narrower than those 
in the ergodic fluids, and its width is half that of the 
peak of the cp =  0 mg/ml hard-sphere glass sample. This 
decrease in the peak width from the ergodic fluid to the at-
tractive glass region provides evidence of tightening inter-
particle bonds. In transitioning from the liquid region 
into the attractive glass, the exponential tails of the dis-
tributions tend to decay faster with increasing attraction 
strength (inset in fig. 4(b)). The exponential tails of the 
distributions are due to particles that experience rela-
tively large, correlated displacements and are of the form 
Gs ∼ exp(− �x ). Thus, the magnitude (in dimensionless R 
units) of the tail’s exponential decay rate, �,  inversely  
characterizes the spatial extent of the dynamical hetero-
geneity. � becomes larger as cp increases from 0.9 mg/ml 
to 1.7 mg/ml. This observation suggests that for relatively 
high attraction strengths corresponding to the attractive 
glass state, correlated motion is limited to a small range 
of displacements. 

To characterize the particle displacement distribu-
tions and their deviations from Gaussian dynamics, 
we calculate the non-Gaussian parameter, �(ΔtB) = 

1 1 Δr2�  � − 1, where d is  the  sample  dimen-1+2/d �r2 

sion [38,39]. Larger values of � are indicative of more 
correlated and non-Gaussian dynamics. In fig. 5 we show 
the non-Gaussian parameter vs. Brownian lag time ΔtB. 
All samples exhibit Gaussian behavior at short Brownian 
lag times where the value of their non-Gaussian parame-
ters are small. 

Notice however, all samples exhibit a clear peak in the 
non-Gaussian parameter at long Brownian lag times. For 
each of these curves we determine the maximum value of 
each peak, �max , and the Brownian lag time at which this 

peak maximum occurs, Δt . In the inset of fig. 5 we plot B 
peak both �max (●)  and  Δt (■) vs. cp. Notice that the am-B 

plitude of the non-Gaussian parameter is indicative of the 
reentrance behavior; �max ,  increases  with  cp into the er-
godic fluid region and then decreases as cp is increased fur-
ther. Specifically, �max is largest for the cp = 0.9 mg/ml 
sample, which exhibits the most non-Gaussian dynamics 

peak and largest particle displacements. The plot of ΔtB 

vs. cp suggests that non-Gaussian dynamics occur at the 
longest Brownian lag times in the arrested states, decreas-
ing slightly in the ergodic fluids. Since non-Gaussian dy-
namics are associated with correlated rearrangements, the 
fact that the non-Gaussian parameter is peaked at the 
longest times is indicative of the fact that caging (repul-
sive glasses) or bonding (attractive glass) is more perma-
nent in the arrested glass states (e.g., compared to the 
fluid state). 

Dynamical heterogeneity. – The non-Gaussian pa-
rameter is calculated by averaging over all displacements 
for a given lag time. Thus, the non-Gaussian parameter is 
limited; it is unable, for example, to evaluate how the dy-
namics associated with cage escapes, inter-particle bond 
breaking, and cluster rearrangements vary over the full 
range of particle displacements. To ameliorate this weak-
ness in our analysis, we compute the self-overlap function, 

2 �N1 �r
1Q2(a, ΔtB) = exp(− ), which measures how N i=1 2a2 

much particles have moved relative to a probe length a. 
For each sample, Q2 is calculated across a range of rele-
vant lengths, a, and across a range of Brownian lag times. 
Then, for each a and ΔtB, the four-point susceptibility, 

2 2
�4 = N( Q2(a, ΔtB) �− Q2(a, ΔtB)� ), is also computed. 
The quantity �4 is the variance of the statistical fluctu-
ations of Q2; it measures the spatio-temporal rearrange-
ment heterogeneity within the samples. Larger values of 
�4 represent more heterogeneous dynamics, and the mag-
nitude of �4 scales with the number of particles involved in 
correlated motion at particular length (a) and time (ΔtB) 
scales [6,21,40]. Here we study the four-point susceptibil-
ity as a function of both probing length scale, a,  and  time  
scale, ΔtB. 

Importantly, we find significant differences in �4 as a 
function of increased inter-particle attraction strength. In 
fig. 6 we plot contour plots of �4 as a function of both 
probe length a and Brownian lag time ΔtB for each sam-

max and Δtmax ple. In all cases �4 peaks at a specific a .B 

The magnitude of this peak rises steadily with cp, as seen 
in the contour plots (fig. 6), and in the plot of the peak 
value, �max , vs. cp (fig. 7(a)). The observations sug-4 

gest that as inter-particle attraction increases, so does the 
number of particles undergoing heterogeneous rearrange-
ments. Notice also that the number of particles partici-
pating in correlated rearrangements in the attractive glass 
is ∼7 times larger than in the hard-sphere glass (fig. 7(a)). 
A previous study of a different colloidal system came to 
similar conclusions regarding correlated rearrangements in 
attractive vs. repulsive glassy systems [21]. 
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Fig. 6: (Color online) �4 as a function of probe length, a,  and  
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and (f) cp = 1.7  mg/ml. Each color level represents an interval 
of 0.1 in �4. 

In the present study, we find that the probe length cor-
max responding to the largest dynamical heterogeneity, a , 

again follows the reentrant glass transition behavior. It 
initially increases as a function of polymer concentration 
(fig. 7(b)). Then, as the attractive glass is approached, 
inter-particle bonding increasingly becomes the driving 

max mechanism for the arrest, and a decreases to a sim-
ilar value as that for the hard-sphere glass. We expect 
that amax would decrease to an even lower value at further 
increased polymer concentrations (increased inter-particle 
attraction). This finding demonstrates that correlated 
particle motion in the repulsive and attractive glasses oc-
curs over shorter length scales than found in the ergodic 
fluid region. The finding is in excellent agreement with 
simulation studies [13], which suggested that cages become 
looser as the ergodic fluid region is entered, and thus the 
heterogeneous dynamics associated with rearrangements 
occur over larger length scales. On the other hand, the 
Brownian lag time, Δtmax , that corresponds to the max-B 

imum of �4, varies little as a function of cp and does not 
exhibit any clear trend. 

To find the range of probe lengths over which dynamics 
are most heterogeneous, we plot �4 normalized by �max 

4 

at Δtmax max as a function of a − a for each cp (fig. 7(c)). B 

Then, we determine its full width at half-maximum, e.g., 
the full width at half-maximum of the �4/�max curve, and 4 

we plot this width vs. cp (fig. 7(d)). Interestingly, we find 
that width of �4/�max exhibits a similar reentrance be-4 

max havior as a . Evidently, the heterogeneous dynamics 
in arrested states occur over a much more narrow range 
of length scales compared to ergodic fluids. Alternatively, 
the particle rearrangements in the ergodic fluids are spread 

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.5 1.0 1.5 

(µm) cp (mg/ml)a−a
max

Fig. 7: (Color online) (a) The maximum value of �4 as a 
function of polymer concentration. (b) The probe length 
corresponding to �max 

4 , a max , as a function of polymer con-
at Δtmax centration. (c) A plot of �4 normalized by �max 

4 B as a 
function of a−a max for cp =  0mg/ml (�), cp = 0.2  mg/ml (▽), 
cp = 0.4  mg/ml (△), cp = 0.9  mg/ml (�), cp = 1.2  mg/ml (+), 
and cp = 1.7  mg/ml (♦). (d) Full width at half-maximum of 
�4/�max 

4 vs. cp. 

over a wide range of lengths (e.g., wider than in the ar-
rested states). 

Lastly we note that both the length scale that maxi-
max mizes �4, a , and the full width at half-maximum of 

�4/�max , have similar values in the repulsive and attrac-4 

tive glasses (fig. 7(b) and (d)). This observation may be 
interpreted as due to the fact that in attractive glasses, 
bonding and cages are both important, and the caging 
length scale is intrinsically preserved in the system even 
as the inter-particle attraction strength is increased. In-
deed, computer simulations on timescales much longer 
than available experimentally have revealed that arrest 
in attractive glasses is topological and is not only due to 
bonding, but to caging as well [13]. 

Conclusions. – Confocal microscopy images of dense 
colloidal suspensions at a fixed volume fraction were col-
lected as the inter-particle attraction strength was sys-
tematically increased. Within the ranges of operation, 
� = 0.59 and cp =  0–1.7 mg/ml, three characteristic 
sample states were observed. At the lowest PS concen-
trations and therefore the lowest inter-particle attraction 
strengths, the repulsive glasses showed evidence of rel-
atively small correlated rearrangements over small dis-
tances, corresponding to cage rearrangements and cage 
escapes. At larger attraction, ergodic fluids exhibited 
accelerated dynamics at short times and increasingly het-
erogeneous dynamics over the largest length scales. Rear-
rangements within these samples were larger than in the 
repulsive glass, and heterogeneous dynamics were found 
across large length scales. Finally, an attractive glass was 
observed showing the effects of strong particle bonding and 
exhibiting large numbers of rearranging particles; it was 
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qualitatively different than the repulsive glass. In a previ-
ous experiment [21], the dynamics of repulsive glasses and 
strongly attractive glasses were studied and characterized. 
The present work, by contrast, has pushed significantly 
beyond the previous investigation. It has employed sev-
eral additional theoretical tools and, importantly, includes 
an analysis of repulsive glasses, ergodic fluids, and attrac-
tive glasses that permit improved characterization of the 
reentrant glass transition. 

Future experimental studies of the reentrant glass tran-
sition would benefit from full 3-dimensional spatial scans 
of the samples. Particles could then be reliably tracked for 
longer times as they also move in the direction perpendic-
ular to the optical image plane. Additionally, rearrange-
ment regions could be characterized by their shape and 
size, thereby providing information that could be used to 
further distinguish between the three states of the reen-
trant glass transition. 
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