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The cooperative motion induced structural evolution of the liquid with microheterogeneity is inves-

tigated in quasi-2D dusty plasma liquids, through direct optical visualization. A novel bond-dynamics

analysis is used to further classify the robust cooperative 2D clusters into static, rotating, and drifting

patches, beyond the earlier findings of the cooperative hopping strings and bands. The relative motion

between two adjacent clusters causes the formation of a fractal network with narrow shear strips along the

cluster interface. The rotation of the large ordered patch through rupturing into multiple rotating patches

followed by the healing process, and the growth to a larger ordered patch by aligning the different lattice

orientations of the adjacent ordered domains through patch rupturing, rotation, drifting, and merging are

the key processes for the microstructural evolution.
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Microscopically, unlike intuitive expectation, cold or
glass-forming liquid is not completely disordered [1–10].
Under solidlike dense packing, the competition between
the correlation generated by the strong interaction and the
disorder by the weak thermal agitation leads to heteroge-
neities in structure and motion, which affect the physical
properties of the cooled liquid [1–10]. Spatially, various
sized crystalline ordered domains (CODs) coexist with
defect clusters around COD interfaces [1–5]. Temporally,
particles alternately exhibit small amplitude thermal oscil-
lations (cage rattling) in caging wells formed by their
nearest neighbors, and cooperative hopping (cage jump-
ing) over caging barriers after accumulating sufficient
constructive perturbations [1–4,6–10]. It in turn causes
structural rearrangement (SR).

Macroscopically, liquids are treated as incompressible
continuous media exhibiting smooth plastic deformation
under shear stress. Vortical, drifting and shear motions are
the basic cooperative motions under perturbation [11].
Down to the discrete level, in the cold liquid, the solidlike
CODs are harder to deform plastically. Regions around
poorly interlocked defect clusters are more vulnerable to
thermal kicks [12], and easier to initiate hopping or COD
rupture. It is interesting to find the basic thermal induced
cooperative excitations at the microscopic level, and how
they affect SR.

The previous numerical and experimental studies indi-
cated that hopping occurs cooperatively in the forms of
stringlike and bandlike clusters, but without further
detailed classification [1,2,6–9]. For SR, Stillinger pro-
posed that the liquid is composed of strongly bonded
domains separated by the irregular wall with weakened
bonds, and undergoes SR with tearing and repairing
around the irregular domain walls [13]; but without experi-
mental evidence. The more detailed classification of basic
cooperative excitations, basic dynamical processes of SR,

and how they are correlated to affect the dynamical evo-
lutions of microstructure and motion, are still elusive
fundamental issues. These issues are difficult to address
by the commonly used information of single-particle mo-
tion and bond breaking [10], but without more detailed
information of relative particle motion. In this Letter, for
the first time, the above issues are experimentally inves-
tigated in the quasi-2D dusty plasma liquids (DPLs) with
structural and dynamical heterogeneities. The novel
method of bond-dynamics analysis, based on the informa-
tion from the variations of the length, the angle, and the
position of the bond connecting adjacent particles, is
applied for investigation.
The DPL can be formed by micrometer sized particles

suspended in the low pressure rf discharge [2,14–19],
through the screened Coulomb interaction due to strong
negative charging (�104 e=particle) on particles. It is a
good platform to understand the generic behaviors of the
Yukawa liquid at the microscopic level under different
thermal agitation and external stresses through direct par-
ticle motion tracking [2,14–23].
The experiment is conducted in a cylindrical symmetric

rf dusty plasma system [24], as described elsewhere [23]. A
hollow coaxial cylindrical trap with 4.1 cm inner diameter,
and 14 mm height is put on the bottom electrode, in which
the DPL formed by polystyrene particles (7� 0:4 �m
in diameter) are confined by the sheath field adjacent
to the trap wall. The weakly ionized glow discharge
(ne � 109 cm�3) is generated in 250 mTorr Ar gas using
a 14 MHz rf power system. The estimated Debye length
and the charges on the particles are in the order of
10�1 mm and a few to ten thousand e=particle, respec-
tively. The wake field effect of the downward ion wind
lines up particles into stiff vertical short chains [25], with
about 14 particles in each chain. Particles along the same
chain move together horizontally, without vertical particle
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flipping. It makes the system a good quasi-2D system. The
interchain distance a is about 0.3 mm. The particle images
illuminated by a thin laser sheet are recorded at 30 Hz
sampling rate by a CCD through a microscope. The steady
hot run II at 2.2 W, and the cold run I at 1.6 W are used for
the study.

Figures 1(a) and 1(e) show the plots of 7 s particle
trajectories for runs I and II, respectively. The background
gray grids indicate the initial positions of particles
and the bonds connecting adjacent particles. CODs with
a triangular lattice structure coexist with surround-
ing defect clusters of sevenfold and fivefold defects.
Figure 2(a) depicts the spatial correlation function, g6r ¼
h��

6ð0Þ�6ðrÞi, of the bond-orientational order �6 [26].

Cooling leads to longer correlation length of g6r (under
the emergence of large CODs up to 10–15 a in width),
slower motion, and slower SR. The time scale, �6, for the
temporal correlation function g6� ¼ h��

6ðtþ �Þ�6ðtÞi
decays to e�1 through SR is about 2.4 and 7 s for the hot
run II and the cold run I, respectively [24].

Let us focus on the cold run I [Fig. 1(a)]. At first glance,
particle motion can be roughly divided into two types: cage
rattling with small displacement, and hopping with large
displacement. They occur in the form of clusters as 2D
patches or 1D strings with various sizes and shapes as
reported in previous studies [2,8]. Cooling reduces
(increases) the fraction of the stringlike (bandlike) hop-
ping. In addition to the single-particle displacement, the
changes of the length and the angle of the bond between
two neighboring particles, �d and �� respectively, over 7 s
are used as indicators for classifying cooperative motion
[Figs. 1(b), 1(c), 1(f), and 1(g)] [27]. Distinct patches
(domains) separated by narrow strips can be observed.

Using j�dj< 0:2 a in 7 s as a criteria, the robust coop-
erative clusters temporarily sustaining their microstructure
in 7 s can be sorted out [e.g., see the patch with small
j�dj in Fig. 1(c)]. With information regarding whether
�� > ð<Þ 0:1 rad and �R (the displacement of the center
of mass of the cluster) > ð<0:2Þ a, they can be classified
into the following four types: (A) static patches dominated
by cage rattling, (B) drifting patches, (C) rotating patches,
and (D) 1D hopping strings, as shown in the circled regions
in Fig. 1(a). Types A and C are the dominate excitations.

The relative shear between two adjacent robust clusters
leads to a type E excitation, the narrow strip 1 a in width
with strong shear along the cluster interface, as indicated
by the narrow strips in the �� plot [Fig. 1(c)]. The string-
like type D excitation induces two parallel shear strips with
opposite shear directions. All the bonds in the shear strip
rotate along the same direction with a similar large ��.
It induces alternate stretching (with possible bond break-
ing) and compression of the transverse bonds in
the shear strip (see the alternate colors of the �d plot,
[Fig. 1(b)]. The strong bond elongation in the shear strip
causes subsequent patch rupture and healing with bond

breaking and reconnection. It can be viewed as the propa-
gation (along the shear strip) of the dislocation defect
initially located at or inside the patch boundary, where
the microstructure is more vulnerable to thermal agitation
[19,21]. The shear strips with various lengths form a time
varying fractal network as shown in Figs. 1(c) and 3 and S2
of [24]. The fractal (correlation) dimension is measured
from the exponent of the double logarithmic plot of the
averaged number of bonds (Ns) of the shear strip in the
circle centered at each bond in the shear strip, with increas-
ing radius r [Fig. 2(b)] [28]. The fractal dimensions are
1.61 and 1.95 for runs I and II, respectively.
Figure 2(c) further depicts the fractions of bonds

involving in types A to E excitations for the two runs.
The stronger correlation at lower temperature makes 2D
patch-type excitations dominate in the cold run. Increas-
ing temperature increases thermal agitation, reduces the

FIG. 1 (color online). (a)–(c) The plots of the particle trajec-
tory, the bond-length variation �d, and the bond-angle variation
�� in 7 s intervals for the cold run I. The background triangu-
lated grids show the initial particle configuration of the 7 s
interval. The squares and the triangles correspond to the seven-
fold and fivefold defects respectively. The regions �� > ð<0Þ
correspond to the patches or bonds in the narrow shear strip with
counterclockwise (clockwise) rotations. The circled region
shows the examples of different types of cooperative motions.
(d) The corresponding j�6j plot for the cold run I. (b) and (d) are
from the region in the dashed rectangle of (c). (e) to (g), the plots
of particle trajectories, �d, ��, respectively, in the 7 s interval for
the hot run II.
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averaged sizes and the fraction of 2D patches, and
increases the fractions of 1D excitations (hopping strings
and shear strips) and breaking bonds [Figs. 1(e), 1(g),
and 2(c)]. The shorter and less straight shear strips also
make their fractal structure more 2D like.

Now let us focus on the dynamics of cooperative exci-
tations and SRs for run I. Figure 1(c) and Fig. S2 in the
Supplemental Material [24] show that the cold liquid can
be viewed as a patchwork composed of many interacting
and evolving patches, as proposed by Stillinger [13].
Intuitively, the strong particle interlocking makes CODs
more solidlike and harder to deform plastically. They have
a greater tendency to sustain their microstructure and
exhibit cooperative rotation or drift, under weak thermal
kicks. However, they are not unbreakable. The basic pro-
cesses leading to SR, which change their shapes, sizes, and
orientations are identified and discussed below.

The sequential plots of �� with the 7 s interval of
Figs. 3(a) to 3(d) with the initial microstructure in each
plot give typical examples. The arrows indicate the rotation
directions of the patches. From the lattice orientations in
Figs. 3(c) and 3(d), we can see that the center large COD
rotates clockwise. Figure 3(c) shows that five clockwise
rotating yellow patches are excited in the left region. It
causes the clockwise rotation of lattice lines (e.g., lines L3
and L4) with the strong kinks at the shear strip. Rotation
stops and the ruptured patches are healed back to a large
COD through lattice-line reconnection [see the dashed
bonds in Fig. 3(d)]. Namely, the large-COD rotation can
be achieved by rupture along the shear strips into smaller
patches with the same rotating direction and then healing
to the large COD. Similar processes move to other regions

[see the different rotating patches in other region of
Fig. 3(d)] later.
Figure 3(a) (right part) shows an example of another

excitation with six clockwise rotating patches sharing
the same center vertex, and separated by six shear strips.
After the excitation, the region with defects and diverging
lattice lines indicated by L1 and L2 from left to right is
healed to the defect-free crystalline structure [see the right
region of Fig. 3(b)].
What is the physical origin for the above process? The

persistent rotation of a large COD with irregular shape is
difficult, because of the large strain energy induced under
the large relative particle displacement around the COD
boundary, especially around its long ends. It is cheaper
to be ruptured into smaller patches rotating around their
own centers with the same rotating direction, and then
merge to a large patch with reconnected and rotated lattice
lines. Dissociation and merging of vortices also occur in

FIG. 2 (color online). (a) The spatial correlation of �6, g6r,
versus r for both runs. (b) The averaged numbers of bonds (Ns)
of shear strips in circles centered at bonds in shear strips versus
circle radius r for runs I and II. The numbers by the gray lines
correspond to the fractal dimensions of the skeletons of shear
strips. (c) The fraction of bonds participating in different types of
cooperative motions for both runs. B and C represent drifting and
rotating patches, respectively.

FIG. 3 (color online). (a) to (d) The sequential plots with 7 s
separation showing structural evolution, associated with the
excitations of multiple rotating patches. The color (gray level)
reflects �� in 7 s. The arrows indicate the rotating direction. The
triangulated grids show the initial particle configuration of each
time interval. Patch rupturing, rotating, and healing (causing the
labeled lattice line breaking and reconnection) are the basic
processes for SR. (e) to (g) The sketches showing the few
commonly observed basic cooperative excitations with multiple
rotating patches (with directions indicated by arrows), separated
by shear strips (indicated by the straight edges). (h) The hardly
occurring excitation of rotating patches with alternate rotation
directions.
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macroscopic turbulent flows [12]. However, the lifetime of
the microscopic vortical excitation in the cooled liquid is
much shorter due to the strong dissipation through inter-
action with surrounding patches. The strain energy is
released and rotation stops after bond breaking and recon-
nection. It makes cooperative excitations last only a few
seconds in a stick-slip way (see the evolutions of the ��
contour plots in Figs. 3 and 4).

The sketches in Fig. 3(e) show the few observed basic
excitations of multiple patches with the same rotating
direction (indicated by the curves with arrow heads),
which cause the formation of the single vertexes con-
nected to three to six edges (shear strips), represented by
the gray thick lines. The one with three edges is the most
commonly observed excitation. Figure 3(f) shows the
examples of the higher order excitations with connected
three-edge excitations. The single vertexes with 5 and 6
edges usually occur in the disordered region. The single-
edge excitation [Fig. 3(g)], with one patch rotating oppo-
sitely to the remaining two patches, also exists. The
example of the excitation in the upper left region of
Fig. 3(b) shows that the opposite rotations of the adjacent
two lower patches only cause the upward bending of the
horizontal lattice lines [e.g., L3 in Figs. 3(b) and 3(c)],
which stops the rotation due to the large strain energy.
The bent lattice lines are then tilted and straightened
after the clockwise rotational excitations in Fig. 3(c).
Unlike in the macroscopic fluid, the excitation in
Fig. 3(h) with opposite rotation of adjacent patches
occurs and persists more difficultly, because the bending
of the lattice lines transverse to the particle motion
direction causes too much strain energy. The few plots
of Fig. S2 [24] give further examples of the different
combinations of the above basic cooperative rotational
excitations at different times.

The COD not only ruptures and heals, it also grows.
How does a large COD form through the competition of the
adjacent CODs which have different lattice orientations?
Figure 4 gives a good example. The two adjacent patches
[in the center and upper left regions of Fig. 4(a)] with
irregular shapes and separated by stringlike defect clusters
cannot align their different lattice orientations merely
through the relative rotation of the large CODs, due to
the large induced strain energy and bond-breaking energy
cost, similar to that mentioned earlier. From 0 to 7 s,
Fig. 4(d) shows the clockwise rotation of the upper left
COD, through the excitation of three clockwise rotating
patches. The excitation of many small counterclockwise
rotating patches in the middle COD, accompanied with the
upward drifting patch [see the inset with particle trajecto-
ries of Fig. 4(a)] in the lower region, can also be found in
Fig. 4(d). It generates a dense cluster of defects and dis-
rupts the middle COD [Fig. 4(b)]. After SR with further
patch rupturing, rotation, and healing from 7 to 14 s
[Fig. 4(e)], the lattice lines are aligned and a large COD

from the left to the right is formed [Fig. 4(c)]. Namely, the
growth to a large COD can be achieved by disruption,
rotation, drifting, and healing of the adjacent competing
large CODs.
In conclusion, we experimentally investigate the

fundamental processes of cooperative micromotions,
and how they affect SR dynamics in cold quasi-2D dusty
plasma liquids with CODs, through the novel bond-
dynamics analysis. The important findings are listed as
follows. (i) Under the competition of the strong interac-
tion and thermal agitation, the system can be viewed as a
patchwork composed of interacting and evolving clusters
with different cooperative motions. (ii) The cooperative
clusters can be classified into 1D hopping string; and 2D
static, rotating, and drifting patches. The strong shear
along the cluster interface causes the observed fractal
skeleton of narrow shear strips one a in width and with
various lengths. (iii) The persistent rotation or drifting of
a large COD is hard to achieve due to the large strain
energy cost under the strong coupling among CODs.
Rupturing into multiple patches with the same rotating
direction, followed by healing back to the large COD
through the bond breaking and reconnection along the
crack strip (shear strip) is the most commonly observed
excitation for the large COD rotation. (iv) COD growth
can be achieved by the disruption, reorientation, and
merging of the adjacent CODs with different initial
lattice orientations, through excitations of small-scale
rotating and drifting patches. (v) Increasing temperature
increases stochastic agitation and shortens the lifetimes
and the sizes of the cooperative excitations.

FIG. 4 (color online). The example showing the competition
between CODs with different lattice orientations leading to the
formation of the large COD through rupturing, rotating, drifting,
and healing of CODs. (a) to (c) The sequential plots with a 7 s
interval showing the structural evolution. The color (gray level)
represents j�6j. (d) and (e) The two sequential plots showing ��
in 7 s intervals. The background grids indicate the initial particle
configuration of each exposure. The arrows indicate the direc-
tions of patch rotation.
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