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Dense liquids above their glass transition exhibit
spatially heterogeneous dynamics in which regions
within the liquid exhibit enhanced or diminished
mobility relative to the average on some time scale.
Substantial evidence suggests that these regions are
confined to nanoscopic sizes at temperatures close to the
mode coupling temperature TMCT, and reach well beyond
the characteristic length scale over which the two-point
static structure of the liquid is correlated. In this paper,
we investigate the formation of clusters of mobile
particles in a dynamically heterogeneous model liquid.
We find that clusters are formed as a result of mobility
propagation that begins from distributed locations
confined within a nanoscopic local structure. This
mobility is facilitated through the development of
quasi-one dimensional string-like rearrangements
within the nanoscopic region.

Keywords: Glass transition; Computer simulation of liquid
structure

INTRODUCTION

When a liquid transforms into a glass, the structure
of the glass is essentially indistinguishable from that
of the liquid while the dynamical quantities, such
as relaxation times, diffusivities or viscosities,
change by up to 14 orders of magnitude [1–3].
The fundamental issue in glass physics is to
understand the reason for such a dramatic change
in dynamics without a significant variation of the
structure. The emergence of spatially heterogeneous
dynamics and the growing cooperativity of mole-
cular motion have been commonly invoked to
rationalize the dramatic changes in the transport

properties of liquids upon cooling towards their
glass transition temperature [4–7,43]. By spatially
heterogeneous dynamics we mean that particles in
one region of the liquid translate or rotate several
orders of magnitude faster or slower than other
particles a few nanometers away. Simulations have
predicted that the dynamics within these regions are
highly cooperative, involving larger and larger
groups of particles upon cooling [8–19], and several
of these predictions have now been borne out in
experiments on colloidal suspensions [20,21].

Focusing on particles that, in a given time interval,
move much larger distances than the average, several
simulations (e.g. binary Lennard-Jones (LJ) mixtures
[8,9,13,14], polymer melts [17], and water [19]) and
also experiments (colloids [20]) have revealed that
these mobile particles form clusters of different sizes.
In particular, it was found that the average size of
these clusters exhibits a peak at some intermediate
time corresponding to the late-b/early-a relaxation
regime of the mode coupling theory (MCT) [22–26].
Further, an increasing peak value of the average
cluster size indicates that the clusters grow when the
temperature is decreased. In addition, it is known that
highly mobile particles within these clusters move in
quasi-one dimensional string-like paths [9,18]. On the
other hand, the detailed nature of the clusters and
their formation is not yet well understood and the
relation between clusters and strings is still elusive.
In this paper, we explore these issues by monitoring
individual particle trajectories for a cluster identified
at the time when the mean cluster size is maximum.
The paper is organized as follows. In the Second
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Section, we describe the details of our simulation. The
results are presented in the Third Section, followed by
conclusions in the Fourth Section.

MODEL AND SIMULATION

The interaction between particles of the simulated
one-component liquid is described by the Dzugutov
pair potential [9,18]. Originally, this pair potential was
developed for simple metallic liquids by optimizing
its parameters to reproduce the static structure factor
S(q) of liquid lead measured in a neutron scattering
experiment close to the melting point Tm ¼ 623 K:The
pair potential includes, in addition to terms describ-
ing the strong, short-range interactions and the
predicted Friedel oscillation, a soft repulsive com-
ponent. The latter is intended to represent the
screened Coulomb repulsion between the ions. This
term is considerably more long ranged than the short-
range attraction so that the potential is positive
beyond the first-neighbor distance. The explicit form
of the Dzugutov pair potential is given by [27]

V ¼ V1 þ V2;

V1 ¼ Aðr2m 2 BÞ exp
c

r 2 a

� �
; r , a;

V1 ¼ 0; r $ a;

V2 ¼ B exp
d

r 2 b

� �
; r , b;

V2 ¼ 0; r $ b;

ð1Þ

where the parameters are given in Table I.
In Fig. 1(a), we plot the Dzugutov potential

together with the Lennard-Jones (LJ) potential,
where the latter is shifted up by an amount of
0.419e to emphasize that the two potentials have
minima at the same position. It has been demon-
strated [28–31] that the one-component system
described by the Dzugutov potential is a good
glass former [31]. Further, it is known that this
potential favors local icosahedral ordering
[28,29,31,32] as found in simple metallic glass
formers [33,34]. In Fig. 1(b), it is shown that the
static structure factor obtained from this potential
exhibits a first sharp diffraction peak and a split
second peak [35], which are common features of
metallic glasses [33,34]. In one-component atomic
systems, the nucleation of crystallites strongly
competes with the glass transition and, therefore,

most metallic glasses are formed from multi-
component systems [36 – 38] where nucleation
is more difficult. By construction, however, the
Dzugutov potential stabilizes the one-component
liquid in a metastable equilibrium supercooled state
providing a time window long enough for the
observation of the essential dynamical properties
[29]. A structural transformation into a dodecagonal
quasi-crystal is observed for long relaxation times
under significant supercooling [39].

Our MD simulations are performed for a system
of 17,576 particles and a temperature T ¼ 0:42:
For reference, the critical temperature of MCT is
known to be TMCT ¼ 0:39 [30]. The simulations were
done under isothermal conditions for a density
r ¼ 0:85: The liquid was cooled in a stepwise manner
starting from T ¼ 1:6 where we allowed for
equilibration at each step. The reduced units for
length, temperature and time are s, e/kB

and s
ffiffiffiffiffiffiffiffiffi
m=e

p
; respectively. The mass m and the

distance s are set to unity.

FORMATION OF CLUSTERS

It is well established that highly mobile particles
form clusters characterized by a broad distribution of
sizes [8,9,13,14,17,19,20]. Here, at any time interval
Dt, highly mobile particles are identified by ranking
the squared displacements of all particles in this time
interval and selecting the 5% of the particles with the
largest displacements [8]. Then, a cluster is defined
as a group of these mobile particles that are within
the first neighbor shell of each other, where the first
neighbor shell is defined by choosing a cutoff
distance ðr ¼ 1:5Þ corresponding to the first mini-
mum of the pair correlation function g(r) [40,41].
As mentioned above, the clusters of mobile particles
defined in this way depend on the choice of Dt.
Specifically, a maximum of the mean cluster size is
found at a time Dtmax which marks the crossover
from the plateau regime to the diffusive regime of the
mean square displacement (MSD) [17]. In Fig. 2, we
show a typical example of clusters found at T ¼ 0:42
for the time interval Dtmax ¼ 102:4 where particles in
distinct clusters are colored differently. In agreement
with the outcome of work on different systems
[14,17,19,20], clusters of different sizes and shapes
are observed for the Dzugutov liquid. Indeed, a
statistical analysis which will be presented elsewhere
[42] reveals that the probability distribution of the
cluster size is well described by a power-law
P(n) / n2g with an exponent g , 2:

In the remainder of this article, we single
out one of the clusters of highly mobile particles
identified for the time interval Dtmax and monitor
the trajectories of the constituting particles. First,
we demonstrate that the enhanced mobility of

TABLE I Parameter values for the potential in Eq. (1) [27]

m A C a B d b

16 5.82 1.1 1.87 1.28 0.27 1.94
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the particles in this cluster is transient in nature.
To quantify the time scale on which the information
about the initial mobility is lost, we monitor the MSD
of the selected subset of particles during successive
time intervals Dtmax, i.e. we compute the quantities

r2
nðDtÞ

� �
¼ ~rjðnDtmax þ DtÞ2 ~rjðnDtmaxÞ

	 
2
D E

ð2Þ

where ~rjðtÞ denotes the position of the jth particle of
the cluster and the brackets represent the average
over the selected subensemble. The results depicted

in Fig. 3 indicate that a significantly higher mobility
than the average exists during the time interval
where the particles have been identified as mobile
ðn ¼ 0Þ: On the other hand, the curves for 1 # n , 5
lie only slightly above the one representing the
ensemble average, and for even larger n, there is no
evidence for systematic deviation from the average.
Comparing the time scale of this re-equilibration
with the a-relaxation time ta < 30Dtmax, it becomes
clear that the clusters of highly mobile particles
lose their mobilities on time scales less than ta,

FIGURE 1 (a) The Dzugutov pair potential plotted together with the Lennard-Jones (LJ) potential. The LJ potential has been shifted by
an amount of 0.419e for the sake of comparison. (b) Static structure factor of the one-component Dzugutov liquid at T ¼ 0:42.

FIGURE 2 An example showing clusters formed by the 5% most mobile particles found at the time Dtmax ¼ 102:4 when the mean cluster
size is maximum for T ¼ 0:42: Each particle in the clusters is represented as a sphere of radius 1.0, while all other particles are assigned a
radius of 0.1 in the units of the LJ length parameter s. Particles belonging to the same cluster are colored the same. Note that all particles in
the simulation are of the same size. Here only particles that form clusters are magnified for visualization, and all others are reduced in size.
(Colour version available online.)
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and therefore do not “dissolve” due to the structural
relaxation of the bulk. Instead, the dynamical process
which leads to the formation and decay of the
clusters takes place on a time scale much shorter than
the structural relaxation. This conclusion is consist-
ent with the finding that the peak time of the
mean cluster size Dtmax lies at intermediate times
less than ta, in the late-b/early-a relaxation regime
of the MCT.

To gain further insights into the formation of the
clusters, we show snapshots of the selected cluster
for different times Dt , Dtmax in Fig. 4. In this figure,
the mobile particles at each time are colored red.
Inspection of the snapshots for early times indicates a
few mobile particles that are randomly distributed
within the cluster. As time progresses, the mobile
particles become organized in small groups which
grow with time. Thus, one may speculate that

FIGURE 3 Mean square displacement kr2
nðDtÞl for different time windows between nDtmax and ðn þ 1ÞDtmax; where ðn ¼

0; 1; 2; 3; 4; 5; 6; 7; 9; 42Þ; averaged over all particles in one of the largest clusters (containing 94 particles) identified at Dtmax. The dashed-
dotted line shows the mean square displacement kr 2ðDtÞl averaged over all particles in the system.

FIGURE 4 Snapshots of one of the largest clusters identified for times Dt ¼ 0:0078Dtmax; 0:188Dtmax; 0:438Dtmax; and 0:75Dtmax; as
indicated on the figures. Particles belonging to the studied cluster are shown as spheres of radius 1.0. The mobility of all particles in this
cluster is monitored for times Dt , Dtmax; and at any Dt the most mobile particles are colored red. Note that all 17,576 particles in the
simulation box are identical. Here only particles within the cluster are magnified for visualization, and all other particles are shown at
reduced size. (Colour version available online.)
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the particles in these groups assist each other to
become mobile, e.g., by moving cooperatively. This
will be investigated further below. Finally, the mobile
state propagates throughout the cluster.

We now focus on the groups of mobile particles
identified during the formation of the cluster.
In particular, we demonstrate that many of these
particles are indeed involved in string-like motion,
thereby establishing a relation between strings and
clusters. Strings are defined as groups of mobile
particles that move in quasi one-dimensional
paths, replacing one another during this motion.
Following Donati et al. [9], we construct the strings
for a time interval Dt by connecting any two
mobile particles i and j for which the criterion
min½j~riðtÞ2 ~rjð0Þj; j~rið0Þ2 ~rjðDtÞj� , d is fulfilled.
This condition implies that one of the mobile
particles has moved, and a second mobile particle
has replaced its position within a radius d. As
proposed in Ref. [9], we use d ¼ 0:6; but it has
been shown in Ref. [18] that the choice of d does
not alter the qualitative features of the string-like
motion, as long as d is reasonably smaller than the
hard-core radius.

In Fig. 5, we display the configurations of the
selected cluster at two times Dt , Dtmax; marking for
each time two different subsets of particles. On the
left hand side, all mobile particles at the respective
times are colored, while, on the right hand side, only

the mobile particles involved in string-like motion
are marked where different colors indicate distinct
strings. Note that the panels on the left hand side
have already been shown in Fig. 4. Comparing the
corresponding snapshots it can be immediately
realized that many of the mobile particles are
actually replacing each other and moving in strings.
Moreover, it is evident that the lengths of the strings
increase with time. These findings suggest that
string-like motion is an important channel for
relaxation within the highly mobile domains of a
dynamically heterogeneous system. Further, one
may speculate that the growth of the clusters is a
consequence of the increasing string length. A more
detailed quantitative analysis of string-like motion in
this system will be presented in Ref. [42].

CONCLUSION

It is well established that particles in many super-
cooled liquids move in a correlated fashion, forming
clusters whose average size peaks at a time Dtmax

corresponding to the late-b/early-a relaxation
regime. Here we have addressed how these clusters
are formed, and how they grow and decay. To study
the nature of the clusters at temperatures close to
TMCT, we investigated a one-component glass-
forming liquid resulting from a molecular dynamics

FIGURE 5 Snapshots of configurations at Dt ¼ 0:438Dtmax and 0:75Dtmax: Particles belonging to the studied cluster are shown as spheres.
On the left hand side all mobile particles at the respective time are colored. On the right side, only mobile particles involved in string-like
motion are marked, where distinct strings are colored differently. (Colour version available online.)
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simulation performed using the Dzugutov pair
potential. We singled out one of the largest clusters
identified on the basis of the particle dynamics
within the time interval Dtmax, and analyzed the
trajectories of the constituent particles during this
period. Our approach reveals that the selected
cluster is formed as a result of mobility propagation
starting from distributed points within the cluster.
The propagation of this mobility is facilitated
through the development of quasi-one dimensional
string-like dynamical processes where groups of
particles within the cluster move along a single path.
The number of particles involved in this string-like
rearrangement increases with time. These findings
motivated our interest in investigating further the
mechanisms involved in the formation and the
growth of these strings by performing a statistical
analysis. As will be shown elsewhere [42], this
statistical analysis confirms that the cluster studied
in the present work reflects the average properties
of the clusters in the Dzugutov liquid. Further, it
is qualitatively shown that string-like motion is
a significant channel of relaxation in domains
consisting of highly mobile particles, as demon-
strated previously for LJ binary liquids [9] and a
polymer melt [18].
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