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Correlating Structural Order with Structural Rearrangement in Dusty Plasma Liquids:
Can Structural Rearrangement be Predicted by Static Structural Information?
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Whether the static microstructural order information is strongly correlated with the subsequent
structural rearrangement (SR) and their predicting power for SR are investigated experimentally in the
quenched dusty plasma liquid with microheterogeneities. The poor local structural order is found to be a
good alarm to identify the soft spot and predict the short term SR. For the site with good structural order,
the persistent time for sustaining the structural memory until SR has a large mean value but a broad
distribution. The deviation of the local structural order from that averaged over nearest neighbors serves as
a good second alarm to further sort out the short time SR sites. It has the similar sorting power to that using
the temporal fluctuation of the local structural order over a small time interval.
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Structural rearrangement (SR) at the discrete level is
a ubiquitous phenomenon occurring in many strongly
coupled complex systems under stochastic or slow drives.
Granular systems [1,2], cold or supercooled liquids [3-7],
glasses [8—12], and superconducting vortex line bundles
[13], are the few good examples. Those systems share the
common feature of a packed heterogeneous microstruc-
ture, composed of domains with different structural orders
and different sizes. The topological constraints from the
neighboring elements set up caging wells in which the
element exhibits small amplitude motion (cage rattling)
under perturbation. After accumulating sufficient perturba-
tion over a certain time, the element hops over the caging
barrier cooperatively with a small number of other ele-
ments [4-12,14,15]. Temporally, cage rattling and hopping
(cage jumping) alternately occur. It induces stick-slip type
SR through the substantial relative motion of neighboring
elements.

The uncertain perturbations from the stochastic or slow
drive and the complicated many-body interaction through
the heterogeneous structure make predicting the uncertain
SR of a local site and identifying the useful prediction
alarms challenging issues. The above issues are also re-
lated to the issue of unraveling the causal correlation of
some structural or dynamical variables with the subsequent
substantial particle displacement [5,16,17]. For example,
numerical and experimental studies on the colloidal glass
of binary mixtures demonstrated that the intensities of the
low frequency vibrations of particle motion are correlated
with subsequent hopping and SR [10-12]. Studies on the
2D glass-forming liquids of binary mixtures revealed that
the short time average of the intensities of the fast cage
rattling modes is strongly correlated with later hopping,
but argued against the correlation between local structure
order and later dynamics [5,16,17]. On the other hand, in
the recent numerical study on the 2D polydispersive glass
forming liquid, the temporal average (over the structural

0031-9007/12/109(19)/195002(5)

195002-1

PACS numbers: 52.27.Lw, 61.20.—p, 64.70.pm, 82.70.Dd

relaxation time scale) of the local bond-orientational order
(BOO) was found to be strongly correlated with hopping
[4]. The recent experimental study on the bead pile dem-
onstrated that the slow temporal variation of the spatially
averaged local structural information can be used to predict
a large scale avalanche [1].

The above studies mainly correlated the temporal infor-
mation of particle motion or that of structural order over a
short time interval with the subsequent substantial single
particle motion or SR of a local site. Whether and what
kinds of the static structural information from a single
snapshot of the particle image are strongly correlated with
the subsequent SR, and their predicting power for local SR
still remain elusive. Answering these issues also helps to
understand the causal connection between static micro-
structure and structure dynamics.

The dusty plasma liquid (DPL) is formed by suspending
micrometer sized dust particles in the low pressure dis-
charge, through the screened Coulomb interaction between
the negatively charged dusts (~ 10* electron/dust) [18,19].
It is a good platform to study the generic behaviors of the
microstructure and motion of the Yukawa liquid through
direct visualization. In the past decade, the structural and
dynamical heterogeneities with stick-slip avalanche coop-
erative hopping and SR in the cold dusty plasma liquid
under different thermal excitations and external stresses
have been observed and studied [6,7,18-23]. Nevertheless,
the issue of predicting SR or hopping of local sites has never
been explored.

In this Letter, using a cold DPL experimentally, for the
first time, the causal correlation between the static local
BOO and the subsequent SR of the local site is unraveled
statistically by measuring histograms of the persistent
time 7, of the sustaining local BOO until the subsequent
SR with a large change of BOO. Predicting short term SR
using double alarms from the information of the static local
BOO and its deviation from the spatially coarse grained
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BOO is demonstrated, and their prediction powers are
quantitatively measured. The useful coarse graining range
is also identified. The results are also compared with those
using the temporal fluctuation of the local BOO.

The experiment is conducted in a cylindrical symmetric
rf dusty plasma system [15,24]. The weakly ionized glow
discharge (n, ~ 10° cm™?) is generated in 250 mTorr Ar
gas using a 14-MHz rf power system operated at 1.6 W.
Polystyrene particles (7 = 0.4 pm in diameter, with a 10%
standard deviation of particle diameter) are used to form
the DPL. The downward ion wind toward the bottom
electrode lines up dust particles into short vertical chains
[15]. Dust particles along the same chain move together
horizontally without vertical flipping. It makes the system
a quasi-2D system [24]. The dust (chain) positions in the
horizontal plane, illuminated by an expanded thin horizon-
tal laser sheet, are digitally recorded. More details can be
found in Supplemental Material [24].

The bond-orientational order W¢(r j) is used for measur-
ing the local BOO: W¢(r;) = N%Zk exp(i66 ), where 6, is
the angle of the bond from the dust j at r; to its nearest
neighbor k, and N; is the number of its nearest neighbors
[25]. |¥4| = 1 and <0.4 for the perfect lattice site and the
defect site with the nearest neighbor number deviating
from six, respectively.

Figure 1(a) shows the typical snapshot of the triangu-
lated microstructure. The color represents |Wg|. Squares
and triangles correspond to sevenfold and fivefold
defects, respectively. Ordered domains with different lat-
tice orientations and sizes coexist with defect clusters.
Figures 1(b) and 1(c) show A|Wg|, the change of |Wg|
and the dust trajectories in the subsequent 2 s. The coex-
isting cage rattling and cooperative hopping clusters in
Fig. 1(c) manifest the dynamical heterogeneity. SRs are
induced by the substantial relative displacement of adjacent
particles, mainly occur in or nearby the regions with small
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FIG. 1 (color online).

| Wsl(= 0.6), but also occasionally occur in the regions with
large |W¢| [e.g., in the circled regions of Figs. 1(a)-1(c)].

The typical temporal evolution of |W4| from a single
dust site is shown in Fig. 1(d). The irregular bursts manifest
the intermittent nature of SR. In order to unravel the
causal relation between local BOO and SR, the histogram
Py, (7,) of the persistent (survival) time 7, for a site with
certain |W¢| at time ¢ is measured [Fig. 2(a)]. With increas-
ing 7, once the accumulated A|Wy(7)| = |Ve(z + 7)| —
|'W4(2)| reaches 0.3 [i.e., the standard deviation of A|W|
at the temporal correlation time of W¢(7)], it is counted as a
SR event and that 7 is defined as 7,. Figure 2(a) also depicts
the cumulated histograms Fy (7) of the fraction of SR
events in 7, obtained by integrating Py, (7,) from O to 7, at
different |W¢|. Note that, 1 — Fy, (7) corresponds to the
survival fraction without SR after time 7. For the small
|Wel (< 0.6), Py (7,) is peaked at small 7, (= 0.9 s) and
has a small width. Figure 2(b) further depicts how (7 ,) and
4 ) the mean and the standard deviation of 7, respectively,
vary with |W|.

The local strain energy monotonically decreases with
increasing |W¢|. Intuitively, dust particles in the region
with low (high) BOO are weakly (strongly) interlocked
and are more (less) likely to exhibit SR in a short time
interval. This is supported by the increasing (7,) with |W|
in Fig. 2(b). For the site with small | W] (< 0.6), small (7,)
(< 1.4s), small £, and large Fy, (7 = 25)(~0.8) indicate
that small || can be used as a good alarm for predicting
the short term (2 s) SR up to 80% certainty. For the sites
with large |W¢l, (7,,) and {r, both increase with |W¢|. For
example, for |Ws| = 0.7, 50% of SR occurs within 7 =
2 s. For |W¢| = 0.9, Py, (7,) has a quite flat distribution
for 7, > 1 s. Although Fy (7 = 25) (~ 0.25) at |¥¢| =
0.9 indicates only a small portion of SR occurring in 2 s,
the large (7,) with large £, implies that | W¢| is not a good
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(a) The triangulated snapshot of the microstructure at t = O s, with squares and triangles representing the

sevenfold and the fivefold defects, respectively, and the color representing the local |Wg|. (b) The contour plot showing the change of
|Wsl, A|Wg| from O to 2 s. The background triangulated grids depict the initial microstructure. SR mainly occurs in the form of
clusters, in or nearby the regions with small |W¢| (= 0.6), and occasionally inside the ordered regions (e.g., the circled regions) with
large |Wg|. (c) Dust trajectories from O to 2 s. (d) The typical temporal evolutions of |Ws| and 84 of a particle, where 8¢ is the deviation
of the |Wg| of the tested site from the coarse grained |Wg|, over the sites inside the circle 1.3 a in radius. Most SR events are led by
small || (< 0.6). The arrows show the examples of the SR events led by the large |¥¢|, where the additional information of 8 are
needed as the additional alarm.
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FIG. 2 (color online). (a) The histograms Py, (7,) and the
cumulated histograms Fy (7) at different [W|, respectively.
F q;ﬁ(’T) is the fraction of SR events occurring in time interval
7. The gray dashed curves are the corresponding histograms for
all the sites without using |W| for sorting. (b) (7,,) and {r,» the
mean and the standard deviation of 7, respectively, versus |Wg|.
The small |W¢| (< 0.6) is a good alarm to predict the short term
SR up to 80% certainty. For the site with large |¥| >0.6, the
large (7,) with the large {; reflects the large uncertainty of
predicting SR.

alarm to predict 7, for SR with high certainty. Namely,
unlike the intuitive expectation, high BOO does not guar-
antee the high stability of the local site.

For the sites with high BOO, can we further find a
second alarm to sort out those having a larger tendency
for the short term SR, from the wide spread distribution
of 7,7 For a coupled system, the local dynamical evolution
is mainly determined by the forces from particles in the
surrounding network over an extended scale, in addition to
the stochastic or other slow drives. The insufficient infor-
mation from the local |W¢|, which decreases with the
increasing local strain, only provides limited prediction
power. The structural or dynamical information over cer-
tain spatial or temporal scales are needed. Israeli et al.
numerically demonstrated that the irreducible physical
processes in a complex system is predictable at a coarse
grained level [26].

Based on this idea, we test the effect of the second alarm
8¢, the deviation of the |W¢| of the tested site from the
coarse grained |Wg|, over the sites inside the circle 1.3 a in
radius (i.e., further including BOOs of the nearest neigh-
bors). Figure 1(d) shows the temporal evolution of d¢. The
events with sudden drops of large |Wy| as indicated by the
arrows are usually led by the rises of d¢. It evidences that
06 helps to more clearly sort out short term SR events
from the sites with large |Wg|. Figure 3(a) depicts the
conditional histograms of 7,, ps, (7,), and the conditional
cumulated histograms f5 (7) of the fraction of SR events
under different &6, for |Wg| = 0.9. The width of p; (7,)
decreases with increasing 6¢. Figure 3(b) indicates that, for
|Wel = 0.9,(7,)and f5 (7 = 2 s) drastically decrease and
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FIG. 3 (color online). (a) The conditional histograms of 7,
ps,(7,), and the conditional cumulated histograms f (7) of the
fraction of SR events in 7, under different &4, for |¥¢| = 0.9.
The gray dashed curves correspond to Py, (7,) and Fy (7) of all
the sites with |W¢| = 0.9, without using the second alarm &g.
(d) f5,(r =2s) and (1) versus & at different |Ws|. The solid
lines are used for eye guiding. The large &4 serves as a good
second alarm to sort out the short term SR sites with |W¢| > 0.6.

increase by factors of four and six, respectively, as ¢
increases from O to 0.5. In 2 s, 70% SR occurs for
06 = 0.45, but 12% SR occurs for 65 = —0.05.

How do we explain the above observations? §¢ provides
the information of the deviation of the local BOO from the
mean BOO of the nearest neighbors. It helps to distinguish
whether a site with high BOO is sitting away or near the
disorder sites which have short 7,. For the site with large
|Wel, the large 8¢ indicates that the site is surrounded by
large numbers of neighbors with poor BOO. SR easily
occurs through the propagation of high rate SR from
adjacent disordered sites [27]. It drastically reduces <Tp>.
Namely, SR also occurs cooperatively in the form of small
avalanched like clusters [7]. An ordered site could also
exhibit short term SR due to the small 7, of the neighbor-
ing disordered site. The increasing (7, with decreasing &
implies that the background sites with more homogeneous
structural order can sustain longer structural memory. For
|We| = 0.7, the drop of (7,) with decreasing 8¢ beyond
—0.2 can be attributed to the increasing rate of SR which
increases |Wg| to those of surrounding sites with better
BOO. For the disordered site with small |¥| (< 0.6),
the poor interlocking makes it hard to keep the structural
memory. The weak effect of the mean BOO of the near-
est neighbors leads to the small change of (7,) and
fs,(r =2 s) in Fig. 3(b). This also agrees with the small
(r,)and », found in Fig. 2(b). Note that we also found that

increasing the coarse graining radius deteriorates the pre-
dicting power of the short term SR at large 84 and the
resolving power of (7,) (see Fig. S2 of Supplemental
Material [24]). Namely, the BOOs of the nearest neighbor
sites play the key role determining the short term SR of the
local site with good BOO.
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FIG. 4 (color online). (a) The histograms P, 6(7'11,) and the
cumulated histograms F, (7) at different fixed o, respectively,
using o as a single indicator for predicting SR. FJS(T) is the
fraction of SR events integrated over 7. The gray dashed curves
correspond to P(7,) and F(7), for all the sites without using any
indicator. (b) The conditional cumulated histograms f, (7) at
|We| = 0.9 and different o. (c) f,, (T = 25) versus o at differ-
ent |W|. Similarly to 84, o has strong influence on sorting out
the short term SR sites from the sites with large |Wg|.

The recent study on propensity for the glass forming
binary liquid showed that the intensity of the fast rattling
mode of single particle motion within a small time interval is
strongly correlated with subsequent single particle hopping
[5,16,17]. Since SR is from the relative motion of adjacent
particles, the above finding makes it interesting to check the
prediction power for short term SR using the temporal
information of |W¢| and how it compares with those using
static BOO in our above studies. The standard deviation of
the fluctuation of | W], o, in 0.3 s interval before ¢ is chosen
for the test. Figure 4(a) shows that, similarly to using || as
a single alarm, g alone is a good alarm for the short time SR
only when it is large (80% of SR occur in 2 s for o > 0.09),
but not small (see the wide spread 7, for g¢ = 0.01).
However, Figs. 4(b) and 4(c) show that, as the second alarm
associated with the first alarm |Wg|, o also provides the
similar power of sorting out the short term SR (small 7,,) sites
which have large |W¢|, compared to that using &¢. For
example, for |W¢| = 0.9, f, (7 = 2s) increases from 0.2
to 0.7 as o¢ increases from 0.01 to 0.2 [Fig. 4(c)], and
fs,(7 = 2s) increases from 0.12 to 0.7 as &, increases
from —0.05 to 0.45 [Fig. 3(b)]. Namely, the above finding
implies that the sites with large | V4| and large 84 are more
floppy and have higher tendency to exhibit the larger level of
fast temporal fluctuation of BOO, right before the following
short term SR.

In conclusion, whether and what kinds of the static
structural information from a single snapshot of particle
image are strongly correlated with the subsequent SR and
their predicting power for SR are investigated experi-
mentally in the quenched dusty plasma liquid. The major

findings are listed as follows: (a) The low local BOO is a
good alarm for predicting the short term SR. (b) For the
sites with high BOO (|W¢| > 0.6), (7,) is large. However,
unlike the intuitive expectation, a large fraction of sites still
exhibit short term SR. The deviation from the BOO aver-
aged over the nearest neighbors serves as a good second
alarm for further sorting out the short term SR sites. (c) The
predicting power of the above second alarm is similar to
that using the temporal fluctuation of local BOO. It mani-
fests that the spatially and the temporally coarse grained
information of BOO are both useful for sorting out the
floppy spots exhibiting short term SR, from the sites with
high BOO.
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