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Defect Turbulence in Quasi-2D Creeping Dusty-Plasma Liquids
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We report the intermittent and heterogeneous plastic structural rearrangement at the kinetic level in a
quasi-2D creeping dusty-plasma Coulomb liquid through directly tracking each particle trajectory and
measuring the evolution of each associated local bond-orientational order. The thermal agitation and
external shear have comparable strengths. Their interplay with the Coulomb coupling enhances particle
hopping, and induces the loss of local structural memory and avalanche-type excitation of topological
defect clusters following the universal scaling behaviors of cluster size in xyt space, akin to the generic
behavior of self-organized criticality. Increasing shear tends to reduce the aspect ratio of the temporal
to the spatial spans of the defect cluster in xy? space.
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Macroscopically, when a liquid is gently sheared,
smooth creeping flow is observed [1]. Down to the ki-
netic level at the molecular scale, the above smooth
picture is complicated by the spatiotemporal heterogene-
ity induced by the discrete nature and large thermal
fluctuations [2]. However, the difficulty of direct visual-
ization under the small molecular scale for liquid in
Nature makes it hard to construct the picture beyond
the mean field approach. In this report, through di-
rectly tracking each particle trajectory and measuring
the evolution of the associated structural order, we ad-
dress experimentally the issue of defect turbulence with
microscopic spatiotemporal structural rearrangement us-
ing a toy system, the sheared cold quasi-2D dusty-plasma
liquid (DPL) confined in a channel.

When a patterned extended system is excited, the
ordered structure can be distorted through topologi-
cal rearrangement. Defect turbulence associated with
intermittent and heterogeneous defect fluctuations in pat-
terned nonlinear systems, and defect excitations in creep-
ing crystals under external shear serve as good examples
[3—6]. Intuitively, this idea is hard to apply for the micro-
scopic liquid in which the stochastic thermal agitation
makes the system exhibit disordered long term motion
and microstructure. However, down to the kinetic level,
the mutual interaction is still strong enough to hold the
short range spatiotemporal structural correlation. For ex-
ample, in a cold 2D liquid melted from a triangular
lattice, the interparticle distance remains similar and
most particles are still surrounded by six nearest neigh-
bors. The thermal motion distorts the local structural
order through the formation of topological defects, each
with nearest neighbor number deviating from six, around
the interface between the defect-free domains with tri-
angular lattice structure [Fig. 1(b)] [7-10]. Namely, under
moderate shear which further affects the structural re-
arrangement, the idea of defect turbulence can be used to
characterize the viscoplastic structural organization in a
creeping liquid.
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From a more general view, the microscopic liquid be-
longs to the general category of nonlinearly coupled sub-
excitable systems such as sandpilee systems, earthquake
systems, creeping crystals, noise excited chemical sys-
tems, etc. [6,10—15]. Despite the seemingly disruptive
random effect driven by noise or external drive in these
systems, avalanche-type bursts of activities with spatio-
temporal correlation take place after slowly accumulating
perturbations beyond a local threshold. The excited sites
can form clusters with fractal-type structure and a scale-
free power law distribution of cluster sizes as described by
the SOC (self-organized criticality) model, through spa-
tial coupling and dynamical selections during the cas-
caded activities of state renewal with the similar physical
mechanism. From this point, our study serves as a para-
digm at the microscopic level to test the universality of
the SOC model for systems driven simultaneously by
noise and external stress.

Dynamically, in a cold 2D liquid, the stochastic ther-
mal kicks make particles alternately exhibit small am-
plitude motions in the cages formed by the surrounding
particles, or exhibit cooperative fast vortex or string-type

FIG. 1. (a) Typical particle trajectories with 10 sec exposure
showing the domain with caged motion surrounded by the
hopping strings and vortices for the shear-free run L (b) One
of the corresponding triangulation plots of a snapshot of
particle positions showing the formation of defect clusters.
The triangles and squares correspond to the —1 (fivefold) and
+1 (sevenfold) topological defects, respectively, where the
local lattice orientations are distorted.

© 2004 The American Physical Society 065003-1



VOLUME 92, NUMBER 6

PHYSICAL REVIEW LETTERS

week ending
13 FEBRUARY 2004

hoppings surrounding the temporarily ordered domain
[Fig. 1(a)] [9]. Topological defects [e.g., clusters of +1
and —1 disclination defects with seven and five nearest
neighbors, respectively; see Fig. 1(b)] forms when the lat-
tice lines are distorted after accumulating sufficient local
perturbation [8,9]. The hopping excitation ceases after
traveling about one lattice constant, which resettles the
distorted local region back to the more ordered defect-
free domains [9]. Namely, the stick-slip motions cause the
spatiotemporal fluctuations of structural order and the
propagation of heterogeneous deformation, associated
with the generation, dissociation, propagation, interac-
tion, recombination, and annihilation of defects [8,9].

In a creeping liquid, the external shear further enhan-
ces particle motion but it has a different effect from
thermal noise. The thermal noise provides spatially and
temporally uncorrelated kicks which have uniform spa-
tiotemporal statistical distribution. It either supports or
breaks the cascaded spatiotemporal propagation of co-
operative defect excitation in xyt space as a percolation
process after initiating the excitation [15]. However, the
external constant shear provides a persistent and direc-
tional slow drive along the boundary. It breaks the sym-
metry, pumps in vorticity, and promotes rotational type
hopping mixing which cascades into the interior part
through many body interactions [16]. It enhances the
viscoplastic structural rearrangement, especially after
accumulation over longer time interval. The rearrange-
ment could also be temporarily jammed, if the force
chain percolates across the system [17]. Note that unlike
in the stressed solid the additional noise perturbation in
liquid can unlock the jamming, which leads to the ab-
sence of a finite yield stress.

In this study, unlike the creeping crystals or sheared
granular systems which have small thermal noise effect
[6,17], we investigate the regime where shear has compa-
rable strength to thermal noise. Through tracking the
local and global evolution of bond-orientational order
(BOO) [7,9], we identify the effect of shear in addition
to that of thermal agitation on the spatial and temporal
defect fluctuations, after measuring the nonlinear mean
responses of defect number density and shear-induced
velocity. We also investigate the universal scaling behav-
iors of spatiotemporal defect excitations.

Dusty-plasma crystal or liquid with sub-mm interpar-
ticle spacing can be formed by the suspended micrometer
sized particles in low pressure gaseous discharges,
through the strong Coulomb coupling induced by the
strong negative charging (~10* electrons per particle)
from the background plasma [18—20]. In our experiment,
a weakly ionized discharge (n, ~ 10° cm™?) is generated
in 250 mTorr Ar gas using a 14 MHz rf power system
operated at 2.0 W, similar to what was described else-
where [16]. Two parallel vertical plates 42 mm in length,
14 mm in height, and 12 mm in separation are put on the
center region of the bottom electrode surface to confine
negatively charged polystyrene particles at 7 um diame-
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ter by the strong electric field in the surrounding dark
space (sheath) adjacent to confining walls. Vertically,
the suspended dust particles are aligned with eight par-
ticles for each chain through the wake field effect of the
downward ion flow [16,21]. Particles in the same chain
move together horizontally. The mean interchain distance
a is 0.3 mm. This quasi-2D liquid has smooth slipping
boundaries. Two parallel and counterpropagating cw laser
sheets (488 nm Ar™ laser) with 0.4 mm half width and
2.5 mm height (covering the entire vertical chain) are
introduced horizontally to push the two outmost rows of
particles nearby each boundary. The radiation pressure is
proportional to the laser power [16].

The chain positions in the horizontal viewing plane are
tracked through digital video microscopy. We identify
defects and analyze the dynamics of the structural re-
arrangement through measuring the evolution of local
BOO, Y¢(r) = N%Z, exp(i60,), where 6, is the angle of
the bond from the particle at r to its kth nearest neighbor,
and N, is the number of the nearest neighbors [7,9].
|Ws| = 1 at a perfect sixfold lattice site and decreases
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FIG. 2. (a) The nonlinear responses of the mean longitudinal
velocity of particles in the laser driven zoom and the mean
defect number density (normalized by the total number of par-
ticles) to the laser intensity. I, II, and III correspond to the three
different runs where the statistical behaviors are measured.
(b) Typical particle trajectories with 10 sec exposure showing
the stress enhanced motion in run III (especially for the re-
gions nearby the boundaries). The two arrows indicate the posi-
tions and directions of the two counterlaser beams. (¢)—(e) The
corresponding sequential snapshots of defect configuration
with different time intervals. In short interval (=1 sec), the
cluster configuration only slightly changes. However, it drasti-
cally changes after 10 sec. (f) The BOO configuration corre-
sponding to (e). The ordered domain has larger BOO with more
coherent alignment.
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when the local ordered structure is distorted. A defect site
can be treated as an excited site losing local BOO.
Moreover, the size distribution of defect clusters in the
xyt 3D space is analyzed. The statistics are averaged over
10 000 picture frames.

Figure 2(a) shows the nonlinear increases of the mean
longitudinal velocity (U,) of particles at the boundary
and the mean defect number density (nj) (averaged over
the entire liquid and normalized by the total particle
number) with the laser power (note that the thermal speed
measured at 10 sec interval is about 0.1a/sec). We com-
pare three cases, shear-free (run I), weakly driven (run II,
at 25 mW laser power), and more strongly driven (run III,
at 100 mW laser power) cases. Figure 2 also shows the
typical particle trajectories and the corresponding evolu-
tion of defect clusters for run III. In the form of connected
dipole (+ 1/ — 1 defect pair) and sometimes even mono-
pole (+ 1 or —1 defect) defect chains, defects tend to
cluster along the interface between the temporary defect-
free domains with different bond orientation (BO). Defect
configuration changes as time evolves. The shear-induced
rotation of bond direction can be more easily observed
by tilting the figures and looking at a smaller angle.
Besides the defect plots, the corresponding analog mea-
sure of the local order Wy is shown in Fig. 2(f). The angle
of each vector shows the local BO, 64. The defect sites
have small |W|.

Tracking the temporal evolution of W¢ of each particle
characterizes the dynamics of local structural rearrange-
ment. Figure 3(a) shows the typical temporal evolution of
|We| and the corresponding defect-on/defect-off tele-
graphlike signals by tracking a single particle sitting 3a
from the upper boundary. The corresponding trajectories
of Wy in the complex plane shown in Fig. 3(b) further
illustrate the evolutions of 64 and |W¢|. Unlike the ther-
mally excited chaotic excursion with a smaller variation
of ¢ in the shear-free run I, the clustering around 6, =
37/2 followed by the more persistent rotation of BO in
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FIG. 3.

the shear run III manifests the shear enhanced stick-slip
rotation of ¢ (i.e., vorticity excitation). The temporal
correlation of local BOO, g¢(7) = (W (7)Ws(0)), aver-
aged over all the particles, shows the structural relaxation
[Fig. 3(c)]. Figure 3(d) plots the histogram P(T) of the
time interval T between two successive local defect ex-
citations in the defect telegraph over all the particles. The
stretched exponential distribution manifests the nonran-
dom nature of the defect excitation [22]. At the small time
interval (<1 sec), the moderate shear induces very little
motion. The caged thermal motion dominates, which
tends to generate short bursts of +1, —1/ — 1, +1 dislo-
cation pairs [compare Figs. 2(c) and 2(d)] [9], and make
P(T) nearly independent of the stress intensity at the
small T end. At the larger time scale (=1 sec), the shear-
induced rotational hopping mixing gradually accumu-
lates and causes the faster descending of P(T) with the
increasing shear. The faster change of |W4| and the faster
rotation of BOO more quickly washes out the BOO mem-
ory and leads to the faster decay of g¢(7) with increas-
ing shear.

The strength of each spatiotemporally correlated struc-
tural rearrangement event can be measured by counting
Npyy» the number of defects in each defect cluster in xyz
space. The probability distribution follows P(Np,,,)
Npiy and a = 1.6 for all the cases (Fig. 4). Similar
scaling was also found for the size of avalanche excitation
in xyt space of a noise driven chemical system [15], the
energies released in earthquake [6,13], and defect excita-
tion in creeping ice crystal [6]. It manifests the universal
behavior regardless of the detailed difference.

We also measure the averaged aspect ratio (temporal to
spatial span) of the defect clusters in xyt space. The inset
of Fig. 4 shows the power law relation between the time
span ATp and the averaged spatial span (Np,,) =
(Npyy:/ATp) of the clusters at size Np,,, under different
shears. The positive exponent indicates that clusters with
the larger spatial span persist longer in time. The lower
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(a) Gray lines: the typical evolutions of |Wg]| of a particle sitting about 3a from the upper boundary for runs I, II, and IIL

Black lines: the corresponding telegraph signals reflecting the evolutions of the defect-on (=1) and defect-off (=0) states. (b) The
corresponding temporal evolution of W at the same sites of runs I and III in the complex plane. The external stress causes the more
persistent change of 6. The data points are separated by 1/6 sec interval. (c) The temporal correlation of local BOO, g4(7) of the
three runs. (d) The histograms of the time interval T between the two successive defect-on events for the three runs.
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FIG. 4. The histograms of Np,, normalized by the total
number of clusters in the xy? space for the three runs. The inset
shows relation between the temporal span AT, and the aver-
aged spatial span (Np,,) of the defect clusters in xyz space.

curve with the smaller exponent implies that increasing
shear tends to generate flatter cluster in xyr space.
Namely, it makes the defect cluster more spread in xy
space and less persistent in time. Note that this trend is
reversed while increasing the temperature for a shear-free
liquids.

In the cold 2D liquid, defect excitations are accom-
panied by the structure distortion due to particle motion
while accumulating sufficient constructive perturbation
from shear stress and thermal agitation. They aggregate
around the boundaries of the temporarily ordered do-
mains to gradually accommodate the mismatch between
the different BOO of the adjacent domains. The Coulomb
coupling tends to support the collective propagations of
perturbations and defects, as well as reforming the or-
dered triangular structure. After hopping, the more or-
dered local domain is reformed, in which only short
bursts of quadrupole type defect excitations occur under
the small lattice distortion induced by caged motion [8].
Comparing to the stochastic thermal drive, the large
uniform spatial extension of the directional stress along
the system boundary enhances the global vortex mixing
assisted by thermal noise, and makes the clusters more
plausible to merge into larger clusters in xy space. The
persistent drive also continually pumps vorticity into the
system [16], promotes the perturbation propagation, and
speeds up structural reorganization through more fre-
quent jamming and hopping. It induces faster decay of
g¢(7), shortens the defect cluster life time, and causes the
smaller aspect ratio of the temporal span to the spatial
span. The increasing spatial size and the decreasing tem-
poral span leads to the universal scaling of Np,,, in xyt
space regardless of the shear intensity.

In conclusion, we investigate the microscopic defect
turbulence associated with the change of structured
bond breaking in a creeping Coulomb liquid. The defect
bursts with short lifetime are mainly excited by the
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thermal agitation. The effect of external shear accumu-
lates over longer time scale, which enhances bond rota-
tion and breaking through more frequent hopping and
jamming. It leads to the smaller aspect ratio of the
temporal to spatial span of the defect cluster in xyt space,
which is opposite to the effect of increasing temperature.
The scale-free power law distribution of defect cluster
size in xyt space manifests that the universal SOC behav-
ior is still obeyed at the microscopic level simultaneously
driven by noise and external shear.
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