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We investigate the temporal memory and persistence time correlations of microstructural order fluctuations
in quasi-two-dimensional dusty plasma liquids through directly monitoring particle positions. The persistence
length of the ordered and the disordered microstates both follow power-law distribution for the cold liquid. The
correlation probabilities of the persistence lengths in different pairs of fluctuating cycles show that an order-
disorder-order and a disorder-order-disorder sequence are more likely to have the long-short-long or short-
long-short persistent lengths combination. The persistence time correlation lasts for several fluctuating cycles.
The correlation memory is stored in the surrounding heterogeneous network through mutual coupling. Increas-
ing thermal noise level deteriorates the memory and leads to the less correlated stretched exponential distri-
bution of the persistent length.
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I. INTRODUCTION

At the discrete microscopic level, liquid can be treated as
a coupled many-body system driven by stochastic thermal
noise �1–5�. Very little is known about its rich fluctuating
dynamics which is not completely random under strong mu-
tual coupling. Recently, the development of the dusty plasma
liquid, a Coulomb liquid formed by the charged micrometer
particles suspended in low pressure discharges, provides an
inspiring experimental platform with proper scale for ad-
dressing this issue through direct optical visualization of the
spatiotemporal evolutions of particle positions �5–10�. In this
work, using the idea of persistence and introducing a mea-
surement for the correlation of the successive persistence
times, we experimentally explore the temporal stability and
memory of local structural order fluctuations in quasi-two-
dimensional dusty plasma liquids at the discrete limit.

In a two-dimensional �2D� liquid melted from a triangular
lattice, the interparticle distance is still about the same as that
of the solid due to the similar packing density. The increase
of stochastic kicks with temperature induces the stick-slip
avalanche particle hopping associated with clusters of a
small number of particles out of the caging wells formed by
the nearest-neighbor particles, and consequently the fluctuat-
ing structure of triangular lattice-type order domains with
different lattice orientations separated by stringlike defect
clusters �Fig. 1� �1,3,5–10�. It leads to interesting transport
behaviors. For example, the non-Gaussian dynamics with
anomalous diffusion under avalanche-type cooperative hop-
ping, Stoke-Einstein relation, shear banding and shear thin-
ning, etc., have been studied in the past few years �2,4–10�.
Structuralwise, previous studies indicate that the power spec-
trum of the temporal fluctuations of the defect number in a
fixed area and the histograms of defect and hopping cluster
sizes all follow power-law distribution for the cold liquid. It
reflects the correlation under the interplay of noise and mu-
tual coupling �5–7�. Around each particle, the local structure
can temporally fluctuate between an ordered state �with six
nearest neighbors� and a disordered defect state �with nearest
neighbors deviating from six� with persistence times to and

td, respectively, through the creation, propagation, interac-
tion, and annihilation of defects �1,6,7�. The structural
memories and the capability of predicting the successive per-
sistence times for local sites are still unexplored interesting
issues.

The idea of persistence has been developed theoretically
in recent years as a statistical measure for the stability and
memory of extended nonequilibrium fluctuating systems,
e.g., in the search for universal behavior in critical dynamics
�11�. The persistence probability P�t� is defined as the prob-
ability that a local variable remains above or below a certain
reference level up to a persistence time t. Under stochastic
drive, the memory in the non-Markov process is the key to
change P�t� from exponential to stretched exponential and
power-law decay, which have been demonstrated in the re-
cent studies of theoretical models such as diffusion, spin,
Langevin equation, reaction-diffusion systems, interface, etc.
�11–15�, and a few experimental systems �15–18�. Neverthe-
less, the persistence behavior for the liquid at the discrete
level has never been studied.

From a more general view, the caging barrier formed by
the nearest neighbors sets up a threshold for the hopping
excitation. The thermal induced avalanche-type stick-slip
hopping of a cluster of a small number of particles makes the
liquid at the discrete level belong to the general category of
subexcitable coupled nonlinear extended systems, such as
sand pile, earthquake system, chemical reaction diffusion
systems, etc. They usually exhibit SOC- �self-organized criti-
cality� type behaviors with heterogeneous avalanche activi-
ties after slowly accumulating local perturbation either from
stochastic or persistent external drives beyond certain thresh-
olds �5,6,19–21�. In addition to testing whether the generic
scaling behaviors of the distributions of to and td for local
structural order fluctuations of the microscopic liquid obey
the universal trend, it is also interesting to use it as a para-
digm to address the following generic correlation behaviors
which has never been explored in any previous persistence
studies �11–18�: �1� How are the persistence lengths of the
same or the opposite states in different fluctuating cycles
correlated �what kinds of length pairs are more or less likely
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to occur�, through measuring their correlation probability?
�2� How many fluctuation cycles can the correlation last? �3�
How is the above memory carried?

In this work, using a 2D dusty plasma liquid, we experi-
mentally study the above issues. Through tracking particle
relative positions, the bond-orientational order �BOO� is
used as a measure for local structural order �Fig. 1�a�� �21�.
BOO=�6�r�= ��6�exp�i�6�= 1

Nr
�i exp�i6�k�, where �k is the

angle of the bond from the particle at r to its nearest neigh-
bor k, and Nr is the number of the nearest neighbors. �6 /6 is
the effective bond orientation. ��6��0.4 for an ordered site
with six nearest neighbors and low strain, and �0.4 for the
disordered defect site with five or seven nearest neighbors

and high strain. Using ��6�=0.4 as a reference threshold, we
find that their persistence length to and td indeed both change
from stretched exponential to power-law distribution as the
liquid becomes colder, similar to other physical systems
�11,14,16–18�. For the cold liquid, the persistence lengths of
a sequence of alternating states, e.g., ordered-disordered-
ordered �O-D-O� sequence or the D-O-D sequence, prefer
alternating persistence length combinations, i.e., long-short-
long �L-S-L� and short-long-short �S-L-S� combinations. The
correlation memory lasts several O-D cycles and is shortened
with increasing temperature. The correlation memory is car-
ried in the surrounding network through mutual coupling.
The interface region of the defect cluster and the order do-
main is more vulnerable to the fast switching.

II. EXPERIMENT

The experiment is conducted in a cylindrical symmetric
discharged system as described elsewhere �5�. A weakly ion-
ized discharge �ne�109 cm−3� is generated in 250 mTorr Ar
gas using a 14 MHz rf power system. Negatively charged
polystyrene particles �each particle is charged to about 5000
electrons� at 7 �m diameter are suspended in the discharge
in the hollow concentric cylindrical glass cell at 30 mm di-
ameter placed on the floor of the vacuum system. The wake
field of the downward ion flow causes the formation of ver-
tical particle chains �22�. Each chain consists of eight par-
ticles. Particles in the same chain move together horizontally.
The system can therefore be viewed as a quasi-2D system.
The mean interchain distance a is 0.3 mm. The chain posi-
tions in the horizontal plane are illuminated by a thin hori-
zontal laser sheet and tracked digitally at 15 Hz sampling
rate through optical microscopy. The chain structure also
suppresses vertical �out-of-viewing plane� particle motion. A
slight change of particle number in each vertical chain causes
little effect on the dynamical behavior. Fifty minutes of data
are used for the statistical measurement. The degree of dis-
order of the liquid can be increased by increasing the rf
power.

III. RESULTS AND DISCUSSIONS

We choose two typical runs, the cold run I and the hot run
II with different radial correlation length and ordering ob-
tained at 1.9 and 2.1 W rf power, respectively, as two typical
examples for our study. The pair correlation lengths of the
radial pair correlation functions g6�r�= ��6�ri�*�6�rj�	, aver-
aged over �6 obtained from pairs of particles i and j sepa-
rated at distance r �Fig. 1�d��, shows the different degrees of
ordering. Figure 1�a� shows their typical snapshots of the
spatial configuration of defects and �6, and the particle tra-
jectories. The triangles and squares represent the fivefold and
sevenfold defects, respectively. The disordered �defect or the
short �6 represented by red arrows� sites appear in the form
of clusters. Namely, the thermal induced string- or vortex-
type cooperative hopping induce structural fluctuation with
defects and BOO fluctuations. Although the exact coupling
constant is unknown due to the lack of the detailed measure-
ments of temperature and charges, the size of the ordered

FIG. 1. �Color online� �a� The typical triangulated plots of the
structures �top row�, the corresponding �6 vectors �the second row�
with the length and the orientation represent ��6� and �6, respec-
tively �the long black arrows represent the ordered sites�, and the
associated particle trajectories �third row�, respectively. The left-
hand two columns are from the cold run I at a different time, and
the right-hand column is for the more disordered hot run II. �b� The
temporal evolutions of ��6� for typical sites in the cold and the hot
runs. �c� The magnified plot of ��6�t�� defining the persistence time
in the successive cycles n and n+1. The dashed lines in �b� and �c�
correspond to the reference at ��6�=0.4. �d� The radial pair corre-
lation functions g6�r�= ��6�ri�*�6�rj�	, averaged over pairs of �6

separated by distance r for the cold �black line� and the hot �gray
line� runs, respectively.
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domain for cold run shows the cold run is close to the liquid
with coupling constant equal to 129 around the solid-liquid
transition from a 2D simulation �9�. The hot run II shows
smaller size for the ordered domain surrounded by more de-
fects under the more violent hopping �longer trajectories�. It
leads to the shorter correlation length in Fig. 1�d�. Figures
1�b� and 1�c� show the typical temporal evolution of ��6� and
the definition of the temporal persistence length of a local
site.

Figures 2�a� and 2�b� show that the persistence probabili-
ties P�to� and P�td� both follow power-law decay with
exponent =−1.7 for the cold run I, and nearly follow the
stretched exponential decay except the faster drop at the tail

part �see the �red� smooth best-fit curves with P�to,d�
=1.1 exp�−4.4to,d

0.37� in Figs. 2�a� and 2�b��, for the more dis-
ordered hot run II. This trend is similar to the behaviors
observed in other physical systems �10,13,15,16�. Note that
there are negligible effects on the scaling behaviors of P�to�
and P�td� by changing the reference threshold for measuring
to and td from 0.3 to 0.5 �Figs. 2�c� and 2�d��. The three
curves in each panel with different reference thresholds,
��6,ref�, are intentionally shifted vertically in the plot in order
to see the details. Before shifting, they fall nearly along the
same curve.

The nonexponential decay in our above findings manifests
that the temporal fluctuations of BOO are not completely
disordered. There could be certain correlation between
successive fluctuations. Due to the stochastic nature of
the excitation source, we cannot exactly predict how long
a disordered �ordered� state persists after an ordered
�disordered� state with persistence time to �td�. However, we
can measure what kinds of persistence length combinations
for sequential O-D pairs are more likely �unlikely� to occur
from measuring the correlation probability C�to,n , td,n�
= P�to,n , td,n� −P�to,n�P�td,n�, by subtracting the uncorrelated
probability P�to,n�P�td,n� from the joint probability
P�to,n , td,n� �see Fig. 1�c� for the definition of n and n+1�.
Similarly, we also measure C�td,n , to,n+1� for a D-O sequence.
The three-dimensional �3D� and the corresponding contour
plots of C�to,n , td,n� and C�td,n , to,n+1� in Figs. 3�a� and 3�b�
show that, for O-D and D-O sequences, the L-S and S-L
pairs are both preferred �i.e., with positive correlation� but
the S-S and the L-L combinations are anticorrelated and un-
likely to occur. The double logarithmic plots of P�to,n , td,n�
and P�to,n�P�td,n� as a function of td,n at several typical to,n in
Fig. 2�e� further show how they cross over with increasing
td,n and how the trend is inverted with increasing to,n. The
transition from negative to positive correlation occurs be-
tween to �or td� =0.1 s and 0.17 s. The correlation follows the
same trend but drops by sixfold for the hotter run II �Fig.
3�f��.

We further measure the correlation between the persis-
tence lengths of the same type of states in different pairs of
cycles n and n+m. For example, Fig. 2�f� shows the devia-
tion of P�to,n , to,n+1� from P�to,n�P�to,n+1� as a function of
to,n+1 at several typical to,n for the cold run. The crossover
behavior is opposite to that of P�to,n , td,n� in Fig. 2�c�, The
plots of C�to,n , to,n+1� �see Fig. 3�c�� and C�td,n , td,n+1� �Fig.
3�e�� both indicate that S-S and L-L combinations are more
likely to occur for two sequential ordered �or disordered�
states. Similar correlation behavior is still maintained be-
tween the cycle n and cycle n+m but with decreasing ampli-
tude when m increases �Fig. 3�d��. Figure 4 shows the de-
pendence of C�to,n , to,n+m�max, the height of the highest peak
in C�to,n , to,n+m� plots, on m for the hot and the cold runs.
With increasing m, C�to,n , to,n+m�max decreases exponentially
for the cold run and decreases faster than the exponential
decay for the hot run. For example, it drops to 27% and 17%
for the cold and the hot run, respectively, when m increases
from 1 to 3. Note that C�to,n , to,n+1�max decreases sixfold from
the cold to the hot run.

The gradual decay of C�to,n , to,n+m�max with increasing m
reflects that the persistent memory can last several cycles.

FIG. 2. �Color online� �a� and �b� The double logarithmic
plots of the histograms of the persistence lengths to and td for
the cold run showing the power-law decay and the hot run showing
the stretched exponential decay, respectively. The �red� lines
�P�to,d�=1.1 exp�−4.4to,d

0.37�� are the best stretched exponential fitting
for P�to� and P�td� of the hot run. �6,ref=0.4 is used as the refer-
ence threshold for measuring the persistent time. �c� and �d� The
double logarithmic plots of P�to� and P�td� for the cold run showing
the negligible effect of the small variation of the reference threshold
��6,ref� from 0.3 to 0.5. �e� P�to,n , td,n� �color lines� and the corre-
sponding P�to,n�P�td,n� �the three vertically shifted reference light
gray lines� vs td,n at several typical to,n �to,n=0.07, 0.47, and 1.47 s
from the top to the bottom curves, respectively� for the cold run. �f�
P�to,n , to,n+1� �color lines� and the corresponding P�to,n�P�to,n+1�
�the three vertically shifted reference light gray lines� vs to,n+1 at
several typical to,n �to,n=0.07, 0.47, and 1.47 s from the top to the
bottom curves, respectively� for the cold run.
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This gives a strong support for the non-Markov nature re-
vealed by the power-law distribution of persistence time in
the fluctuation processes. The correlation can be deteriorated
and the distribution can be changed to the stretched exponen-
tial distribution and finally to exponential distribution �not
shown� by increasing thermal agitation which washes out
memory �11–15�. It is also manifested by the smaller
C�to,n , to,n+1�max and the faster decay of C�to,n , to,n+m�max with
increasing m for the hotter run.

The plots of mean square displacement �MSD� and tem-
poral correlation of BOO, g6���= ��6�t+��*�6�t�	, in Fig. 5
shows the typical time scale for particle displacement and
structural order evolution processes. At small time scale, the
displacement is dominated by the thermal induced motion in

the caging well formed by the surrounding nearest neighbors
�5�. The diffusion is antipersistent with scaling exponent �1
in the double logarithmic plot of MSD versus �. The small
amplitude caged motion also induces very small change of
�6. In the longer time regime, the accumulation of construc-
tive perturbations from thermal agitations and the interaction
from neighboring particles leads to avalanche-type coopera-

FIG. 3. �Color online� The 3D and the corresponding contour plots of the correlation probabilities C, for the pairs of to,n-td,n, td,n-to,n+1,
to,n-to,n+1, to,n-to,n+2, and td,n-td,n+1 for the cold run I ��a� to �e��, and to,n-td,n for the hot run II �f�. Note that the correlation behavior for �f�
for the hot run is similar to that of �a� for the cold run but with sixfold decrease of amplitude.

FIG. 4. The dependence of C�to,n , to,n+m�max, the height of the
highest peak of the correlation amplitude for C�to,n , to,n+m�, on m,
showing that the memory of persistence time lasts several fluctuat-
ing cycles. C�to,n , to,n+m�max decreases exponentially for the cold run
and shows a more drastic decay for the hot run with increasing m.
For example, it drops to 27% and 17% for the cold and the hot run,
respectively, when m increases from 1 to 3. Also note that
C�to,n , to,n+1�max for the hot run is 6 times smaller than that for the
cold run.

FIG. 5. The mean square displacement MSD��� and the tempo-
ral correlation of BOO, g6���= ��6�t+��*�6�t�	, where a is the
mean interparticle distance. The upward bending of the MSD
curves around 1 s and 0.3 s for the cold and the hot runs, respec-
tively, evidences the transition from the caging dominated antiper-
sistent diffusion to the hopping dominated persistent diffusion as-
sociated with structural rearrangement. The latter induces the drop
of g6 with the increasing �, which reflects the gradual loss of struc-
tural memory.
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tive hopping involving a cluster of a small number of par-
ticles �also see the trajectory plots in Fig. 1�a��. It causes the
persistent diffusion with scaling exponent of MSD greater
than 1. The transition time �h, from caging dominated regime
to hopping dominated regime occurs around 1 s and 0.3 s for
the cold and the hot runs, respectively. The cooperative hop-
ping also induces structural arrangement. Therefore g6���
starts to deviate from the maximum value around �h and
gradually drops with further increasing �. It drops to 40% of
the maximum value at 10 s and 1.7 s for the cold and the hot
runs, respectively �i.e., at MSD �0.03a2�. Namely, the struc-
tural memory is still partially retained within 10 s and 1.7 s
for the cold and the hot run, respectively. This partial
memory under the competition between mutual coupling
which keeps the memory and stochastic noise drive which
washes out memory leads to the observed persistence time
distributions, and supports the faster structural memory loss
for the hot run as depicted in Figs. 2–4.

The correlation measurement shows that the sequence of
alternating states �e.g., D-O-D or the O-D-O sequences� pre-
fers the L-S-L or S-L-S persistence length combination.
Namely, if a site stays in an ordered or disordered state for a
longer persistence time, it has a greater tendency to flip to
the opposite state with shorter persistence time, then quickly
return to the original state and stay there with another longer
persistence time. It is less likely to directly switch to the
opposite state and then stays there with long persistent time.

How is this correlation memory carried? Spatially, or-
dered domains are separated by disordered defect clusters to
accommodate the different orientations of the ordered do-
mains �Fig. 5�a�� �3–7�. The temporal evolutions of ��6� of a
few sites in the few typical regions are shown in Fig. 6�b�.
For the sites in the cores of the ordered domains and on the
backbones of the disordered defect clusters �e.g., particle A,
B, and E�, the strong couplings from the neighboring sites at
the same state induce very long ��10 s� persistent time.
However, the sites around their boundaries �e.g., particle C
and D� are affected by the competition from the two different
groups of neighbors with opposite states. Their ��6� �see
those of particle C and D Fig. 5�b�� are closer to the refer-
ence level 0.4 than those in the core of their neighboring
groups with opposite states. Under the stochastic thermal
kicks, they are more likely to cross the reference level to the
opposite states. Note that a hopping event which leads to the
structural arrangement involving a cluster of particles usually
persists for about 10 s �see the typical trajectory plots for the
cold run in Fig. 1�a��. The small persistent time scale for the
middle state in a L-S-L sequence indicates that the flipping is
not associated with avalanche-type hopping which also flip
the states of neighboring particles together. The mother
group in which they share the same original states still pro-
vides the stronger tie. Therefore, the site is quickly pulled
back to the original states by its neighbors and remains there
again for a long persistence time. It consequently induces the
L-S-L sequence. The sites with black and gray dots in Fig.
6�a� correspond to those sites which have made the L-S-L/
O-D-O and D-O-D events, respectively, in 4 s interval after
the snapshot in Fig. 5�a�, with the persistence time for the
middle state shorter than 0.13 s. Namely, mutual coupling
tends to make the neighboring sites alike. It is the major

source for memory. It provides not only the correlation for
the persistence lengths of the two sequential events but also
the memory more than two O-D cycles for the sites around
the interface of the ordered and disordered domain.

IV. CONCLUSION

In conclusion, we investigate the scaling behaviors and
provide a new correlation measure to characterize the tem-
poral persistence of microstructural order fluctuations in a
dusty plasma liquid. For the cold liquid, power-law distribu-
tions of to and td are observed. The persistence lengths of the
sequential fluctuations favor the L-S-L and S-L-S combina-
tion for both the O-D-O and the D-O-D sequences. The cor-
relation can be carried over several O-D fluctuating cycles.
The memory is stored in the neighboring network through
mutual coupling. The fast switching to the opposite state and
back is more likely to occur for the sites around the interface
of the ordered domain and the backbone of the defect clus-
ters through the competition from two sides with the oppo-
site states. Namely, the portion of the neighboring particles at

FIG. 6. �Color online� �a� The snapshot of the triangulated struc-
ture with sevenfold �squares� and fivefold �triangles� defects for the
cold run. The sites with black and gray dots correspond to those
sites which have made the L-S-L/O-D-O and L-S-L/D-O-D events,
respectively, in the 4 s interval after the snapshot, with the persis-
tence time for the middle state shorter than 0.13 s. They usually
appear in the interface region between the temporally ordered do-
main and the defect clusters. �b� The temporal evolutions of ��6� of
a few typical sites in the above few typical regions after the snap-
shot in �a�. The right-hand figure shows the more detailed temporal
evolutions of ��6� of particle C and D blown up from the dashed
�blue� box region shown in the left-hand figure.

MEMORY AND PERSISTENCE CORRELATION OF … PHYSICAL REVIEW E 76, 016403 �2007�

016403-5



the same state determines how vulnerable the noise-induced
transition is to the opposite state. Increasing noise level de-
teriorates the memory, weakens the correlation, and induces
the stretched exponential or even exponential distribution of
the persistence length.
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