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Langevin molecular dynamics simulations reveal the impact of confinement strength on the structure and dynamics
of a two-dimensional complex plasma under constant shear force. Structural analysis via Voronoi diagrams and the local
bond-order parameter || shows that stronger confinement enhances hexagonal order and mitigates shear-induced disorder.
Dynamical properties, determined by mean-square displacement (MSD) and the velocity autocorrelation function (VACF),
indicate that the shear-induced superdiffusion weakens with increasing confinement strength. The entropy change (AS)
shows that strong confinement (@ > 1) balances particle dynamics between shear and shear-free regions, thereby stabilizing
the system. These findings highlight the interplay between confinement and shear force.
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1. Introduction

Two-dimensional (2D) complex plasmas, owing to their
tunable interparticle interactions, visual accessibility across
spatial and temporal scales, and well-resolved dynamical be-
havior, have been extensively employed to investigate struc-
tural phase transitions and transport processes in strongly cou-
pled systems.!!'=3] In these systems, the external confinement
potential and the applied shear force are two key factors influ-
encing both microscopic structure and macroscopic behavior.
Confinement determines the spatial distribution and boundary
morphology of the particle ensemble, while the shear force
continuously injects energy into the system, driving structural
evolution far from equilibrium. %!

Previous studies have examined the roles of these two
factors from different perspectives. For example, Schweigert
et al.B! and Quinn and Goree!® investigated the influence
of static confinement on structural transitions and thermody-
namic properties in finite dust clusters. Maity et al.!! system-
atically analyzed the effects of confinement strength on struc-
tural ordering and dynamical characteristics. In contrast, Liu

41 as well as Nosenko and Goree,!”! focused on

and Goree,|
nonequilibrium behaviors under shear driving, reporting phe-
nomena such as superdiffusion, spontaneous structural rear-
rangements, and shear-induced melting.

However, most existing studies have treated external con-

TThese authors contributed equally to this work.
fCorresponding author. E-mail: 05033 @cau.edu.cn

CSTR: 32038.14.CPB.adf17c

finement and shear driving as independent factors. Investi-
gations of external confinement typically consider near-static
or thermally equilibrated conditions, whereas shear-driven dy-
namics are often studied under fixed or periodic boundary con-
ditions without accounting for variations in confinement. As a
result, the coupled effect between confinement and sustained
driving remains poorly understood. In particular, it is un-
clear how confinement strength modulates structural stability,
energy-dissipation pathways, and macroscopic organization in
nonequilibrium plasmas.

To address these open questions, we develop a two-
dimensional complex plasma model that incorporates both
steady directional shear force and spatial confinement. By em-
ploying Langevin dynamics, the model explicitly accounts for
thermal fluctuations and dissipative processes, enabling accu-
rate simulation of nonequilibrium particle motion. Through
systematic variation of the confinement strength, we demon-
strate its crucial role in reducing shear-induced distortions and
stabilizing microstructure. We further analyze the response
of structural metrics, including bond-orientational order and
local structural entropy, to shear under varying confinement
conditions. This work provides new insight into the interplay
between confinement and driving in strongly coupled systems
and offers theoretical guidance for controlling transport and
structural organization in driven complex plasmas.

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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2. Simulation model

Langevin dynamics simulations are a general ap-
proach widely used in many fields, e.g., medical image
reconstruction, ! the diffusion of proteins,!”! non-Gaussian
diffusion of cytoplasmic particles under different cell wall

[10

confinement conditions,'” and the dynamic heterogeneity

of soft matter.!'"] In this paper, we employ Langevin dy-

namics simulations[!%13]

to investigate the influence of sys-
tem confinement on the structural organization and dynamical
stability of complex plasma systems under continuous shear
force conditions. The simulation utilizes classical Newtonian
mechanics to describe particle motion, incorporating a self-
consistent treatment of Brownian motion and damping effects
to closely approximate real dusty plasma experiments.!!>!3]
Accurate particle trajectories are obtained using the velocity
Verlet scheme to numerically solve the equation of motion.['4]

The simulation models a two-dimensional complex
plasma system consisting of 196 dust particles with identical
mass m and charge g, confined by a radial confinement po-
tential. According to previous work,[!! this system size of
N = 196 is sufficient to reliably capture collective behavior
and fluid characteristics. All length scales are normalized by
the plasma Debye length Ap. Initially, particles are uniformly
distributed within a simulation box of L X L (L = 14). The sys-
tem has a parabolic potential boundary condition that binds the
particles into a cluster, and half of the cluster area is exposed
to a directional shear force to study its response. The particle

dynamics are governed by the following equation of motion:

N
E:ZEj+Fci+Fran+Fu+.fa 9]

i#J
where F;; = —V @y is the interaction force between particles.

The screened Yukawa potential is defined as

- iz —rij/Ap _
oy =L (emulto ),
ri j
which involves short-range repulsion and long-range attrac-
tion. Here, r;; is the distance between particles i and j. The pa-
rameter f is the attraction coefficient used to characterize the
long-range attractive component of the interparticle potential.
In this work, we set § = 0.1, following previous studies where
a similar range was used to investigate structural and dynam-
ical effects of weak long-range attraction in two-dimensional

[16-18] The attraction term primarily originates

dusty plasmas.
from shielding and scattering of the plasma by neighboring
dust particles, collective ion oscillations in the plasma sheath,
charge—dipole interactions of polarized particles, and the pos-
itive background of dusty plasmas. [1%20]

The external radial confinement force is expressed by

F,; = -V (imw?r}) = —mo*r;, 2)

where @ denotes the confinement strength and r; represents the
position of particle i. The harmonic potential is consistent with
general dusty plasma experiments. Fy,, represents the random
(thermal) force, while Fy, = —mudr /dt is the frictional force
with u = 0.02.21-241' A directed constant shear force f is ap-
plied to the lower half of the cluster (y < 0), ensuring contin-
uous energy injection under different confinement strengths.
Energy transfer across the interface between sheared and un-
sheared regions allows half-cluster driving to influence the
overall system dynamics. Experimentally, directed shear
forces can be realized under both gravity and microgravity
conditions through several methods, including laser-induced

[25-27

radiation pressure, I thermophoretic forces,?8! airflow-

generated thrust,'>!3] and ion drag forces, as prominently
observed in the PK-3 Plus facility.?°! In this simulation, the
shear force is fixed at a dimensionless value of f =2. As con-
cluded in our previous work,!'?! this magnitude is sufficient
to induce significant dynamical responses in the cluster while
maintaining structural integrity and preventing particle escape.

The calculation of normalized parameters follows

Ref. [16]. Energy is normalized by Ey = ¢°/Ap, and the

normalization time 7o = 4/ ml]g /q? represents the characteris-
tic timescale of particle motion and system response in dusty
plasmas.3%3!1 This normalization enables consistent compari-
son of dust systems under different confinement strengths. The
cutoff radius is set to 12 to reduce computation time. The sim-
ulation time step is 0.02fy, and the total run spans 20000 time
steps, which is sufficient for the system to reach equilibrium.
By varying the confinement strength @, we analyze how par-
ticle configurations and dynamic behavior evolve under a con-
stant shear force.

In this model, the dynamics of electrons and ions are not
explicitly introduced. This is because in complex plasmas, the
response time of electrons and ions (nanoseconds) are much
faster than those of dust particles (milliseconds), and the two
timescales are clearly separated. Thus, a quasi-static approx-
imation is adopted: electrons and ions are assumed to be in
instantaneous equilibrium, with their collective effects effec-
tively represented by the shielding Yukawa potential. The
shielding length Ap is determined by the density and temper-
ature of background electrons and ions, while the long-range
attraction term f reflects charge—dipole coupling. This treat-
ment greatly reduces computational complexity while preserv-
ing physical consistency.

To illustrate how confinement and shear forces affect the
structure of the dusty plasma cluster, a schematic diagram is
shown in Fig. 1. Without external shear, particles are con-
fined near the center by a radial electric field, forming a circu-
lar cluster in equilibrium. Stronger radial confinement makes
the cluster more compact. When an external shear is applied,
the force balance is disturbed: the cluster elongates along the
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shear direction, and its center of mass shifts from the origin.
This schematic provides a conceptual guide to the physical
processes explored in our simulations.

Increasing
confinement
r strength

i

Input shear force

Fig. 1. Schematic diagram of the simulation. The left panel shows a
complex plasma cluster in equilibrium under radial confinement without
external shear. As the radial confinement increases, the cluster becomes
more compact and its size decreases. When a shear force is applied, the
circular cluster is stretched along the shear direction, and the cluster cen-
ter shifts away from the origin.

3. Results and analysis

Figure 2 illustrates the particle distribution under shear
force with different external confinement conditions when the
system reaches the steady state. From Fig. 2(al), it can be
observed that under weak confinement and continuous local
shear (applied only in the lower half region of the cluster,
marked in red), the cluster becomes elongated and deviates
from its original equilibrium position. The attraction among
particles binds them together, preventing diffusion. As the
confinement strength @ increases from 0.2 to 5, a denser parti-
cle distribution and significant compression of cluster size are
observed. Simultaneously, the cluster center gradually returns
to its original position due to the strong confinement applied
to the entire system. Square boxes of equal size (4 x 4) are se-
lected at the shear boundaries to study the cluster configuration
(marked by the green box in Figs. 2(al)-2(a3)), and the cor-
responding Voronoi diagrams are plotted in Fig. 2(b1)-2(b3).
The Voronoi diagram partitions space into regions where ev-
ery point within a region is closer to its associated particle
than to any other, with boundaries defined by the perpendicu-
lar bisectors of adjacent particle pairs.[3>=33] This method is a
useful tool for analyzing particle distributions and system or-
dering. At w = 0.2, the green region contains only 14 particles
that form irregular polygons. As the confinement strength in-
creases to 0.8, 50 particles appear in the green region, mostly
forming irregular hexagons. At w =5, the green box contains
all particles, forming a highly regular hexagonal structure. It
can be concluded that stronger confinement enhances the order
and weakens the influence of the sustained shear force.

w=0.2 (b1) . : (c1)

15r(al)

-10 [_w foo

~15 —)
~10-5 0 5 10 15 20 25
6t (a2) w=08 1 (b2) (c2)

—4-20 2 4 6 8

2} (a3) AA.'._w:5

-2 -1 0 1 2

Fig. 2. Steady-state particle distributions under different confinement
strengths: (al) w = 0.2, (a2) w = 0.8, and (a3) ®w = 5 at 20000¢. Corre-
sponding Voronoi diagrams within the green squares are shown in (bl)—
(b3), and particle trajectories over 3000 time steps in steady state are
shown in (c1)—(c3), corresponding to (al)-(a3). The green squares, all
of size 4 x 4, are located at the shear boundary.

To illustrate the dynamical response of the cluster at dif-
ferent confinement strengths (in Figs. 2(al)-2(a3)), the parti-
cle trajectories over 3000 time steps in steady state are shown
in Figs. 2(c1)-2(c3). These trajectories show the long-time
behavior of particles under varying @ while keeping the shear
force constant. As shown in Fig. 2(cl), at @ = 0.2, the con-
finement is weak, and particles in the shear-affected region
exhibit significantly enhanced mobility and a pronounced ten-
dency to escape the cluster. This suggests that the external
shear force is sufficient to overcome the restoring forces pro-
vided by the Yukawa interactions and the external confine-
ment potential, thus compromising the structural integrity of
the cluster. As the confinement strength increases to @ = 0.8
and further to @ = 5 (see Figs. 2(c2) and 2(c3)), the distinction
between the shear and non-shear regions becomes less pro-
nounced. This indicates that the system gradually approaches
a dynamic balance, where the external shear force is balanced
by the confinement and interparticle interactions. Under such
conditions, particle motion becomes increasingly coherent and
organized, leading to the formation of stable vortex-like trajec-
tories. These vortices represent a form of collective motion,
wherein the shear-induced local motion is redistributed by the
strong confinement, effectively transforming the external driv-
ing force into rotational patterns through strong interparticle
coupling.

The dependence of structural rearrangements under con-
finement was analyzed by measuring the probability distri-
bution of the local bond-orientational order (BOO), |¥| =
| Nik ):;(Vi ,exp(i60j;)|, where N is the number of nearest neigh-
bors of particle j and 6 is the angle of the bond from particle

105203-3



Chin. Phys. B 34, 105203 (2025)

[36-38] || ranges from O to 1

Jj to its kth neighboring particle.
(|%| = 1 for a perfect hexagonal lattice) and decreases when
the locally ordered structure is deformed. To ensure accurate

statistics,

Y| was calculated only for particles in the central
region with complete Voronoi cell structures, excluding edge
particles that may have incomplete coordination. The range of
|¥| was divided into multiple subintervals, and the probabil-
ity distribution was obtained by counting the fraction of parti-
cles falling into each subinterval. Figure 3 shows that confine-
ment strongly influences the ordering of the cluster. At ® =5,
|¥| is concentrated around 0.9, indicating a highly ordered
hexagonal lattice structure under strong confinement. When
the confinement weakens, the peak of || gradually shifts left-
ward, and the peak is located around the middle (|¥%| = 0.5)
at o = 0.2, indicating that the ordered structure has been de-
stroyed by the shear force.

0.10

——w=20.2
——w=0.8

0.08F

0.06

0.04r

0.02f

0 0 02 04 06 08 1.0

||

Fig. 3. Probability distribution of the local bond-orientational order param-
eter |¥| under different confinement strengths of @ = 0.2, 0.8, and 5.

The dynamical properties of the cluster system are char-
acterized by the mean square displacement (MSD) and the ve-
locity autocorrelation function (VACF), both of which are in-
fluenced by the confinement conditions. The MSD of particles
is defined as

N
(A1) = <Z('m(t) - n<o>>2> , ()
i=1
The diffusion

strength can be quantified by the exponent o from (Ar?(¢)) ~
t%.

as shown in the log-log plot in Fig. 4(a).

[391 Normal diffusion corresponds to o = 1, while superdif-
fusion (or enhanced diffusion) occurs at & > 1. The dashed
line in Fig. 4(a) indicates o = 1. It is evident that the slopes
of all MSD curves exceed that of the dashed line, especially at
longer dynamical timescales, indicating that the constant shear
force drives particle trajectories away from regular Brown-
ian motion and gives rise to superdiffusion.[*>*! In contrast,
stronger confinement suppresses particle mobility, as reflected
in a reduction in MSD with increasing confinement strength.

1073 . . .
(a) — w=0.2
—al —w=20.38
10 — w—s
1075k
A 1076¢ E
=
1077 E
108 ]
~T-Ta 1
1079 4
10—10 1 1 1
[(b) ~w=02 ]
0.10 cw=08
sw=2>5
X
3
= 0.06
>
004 i 4 a .‘nlﬂ%;‘;"“
0.02 f
0 1 1
107! 10° 10!
t/to

Fig. 4. (a) MSD and (b) VACF of particles under different confinement
strengths.

The VACF of the cluster is given by

(X vit) -i(0))
(XX vi(0) - 0i(0))
where v;(0) and v;(¢) denote the velocity of the i-th particle

VACF(t) = O)

at the moment when the system reaches steady state and at a
subsequent time ¢, respectively. Figure 4(b) shows that with in-
creasing confinement strength, the VACF decreases, indicating
weaker correlations in particle motion. Over time, the VACF
of all systems eventually approaches zero, implying the loss of
velocity correlations at long timescales.

Entropy serves as an effective measure to characterize the

thermodynamic properties of strongly coupled systems. >3]

Popel et al. 14!

studied the evolution of entropy in plasma sys-
tems during the development of modulation processes (i.e., the
self-organization associated with the transition from weak to
strong turbulence) and the validity of the principle of mini-
mum entropy production. Wong et al.[*?! showed that complex
plasmas under constant shear force also obey the fluctuation
theorem. Wieben et al.[*”] demonstrated that basic thermody-
namic principles (i.e., Clausius entropy) remain valid in finite-
size complex plasmas. In this paper, we adopt Clausius en-
tropy as a simple criterion to characterize the thermodynamic
properties of complex plasmas that can remain in long-term
stable states. Clausius entropy**! is given as

2do I}
S> — 81 S /1 T CnTI, (®)]
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where dQ = CdT is the heat transfer of the system and C is
the heat capacity. According to the equivalence and ergodic-
ity theorems of classical statistical theory, the heat capacity of
a two-dimensional system containing N charged particles fol-
lows the Dulong—Petit law, i.e., C = 2Nkg.[*”! Here, 7> and
Ty are the particle temperatures in the shear and shear-free re-
gions, respectively, which are obtained from the kinetic en-
ergy Ey of particles. Differences in particle dynamics between
regions with and without shear yield the entropy change AS,
which is strongly dependent on variations in E.

Figure 5 shows the entropy change AS between shear and
shear-free regions. For comparison, we also plot the length
difference of the clusters AW (= L, — L,), i.e., the difference
between the maximum cluster size along the shear direction
(Ly) and that in the perpendicular direction (Ly). A perfectly
circular cluster corresponds to AW ~ 0. From Fig. 5, it is
evident that the entropy change AS exhibits a strong correla-
tion with AW. The influence of @ on AS proceeds through
three stages: a plateau stage at @ < 0.1, a decay stage at
0.1 < w < 1, and a stabilization stage at @ > 1.

14 T T T T T ml4

10+

T
107* 1073 1072 107! 10° 10!

Fig. 5. Entropy change AS (black squares) and cluster stretch length dif-
ference AW (red circles) as functions of the confinement strength ®.

Under extremely weak confinement (@ < 0.1), where ra-
dial confinement forces are negligible, shear dominates and
induces significant elongation of the cluster along the shear
direction (AW reaches its maximum). The weak confinement
produces loosely bound cluster structures, while the particle
dynamics in shear and shear-free regions remain largely de-
coupled. Consequently, the entropy difference AS remains
high, reflecting the persistent independence of particle motion
between regions. As @ increases (from 0.1 to 1), the elon-
gated cluster gradually relaxes toward a circular shape, which
strengthens particle interactions between regions. The denser
particle distribution under stronger confinement enhances or-
dering in the system and drives a reduction in entropy dif-
ference. When @ becomes sufficiently strong (> 1), clus-
ters are tightly compressed and highly ordered. Particles are

strongly coupled, dynamics between regions become synchro-
nized, and structural fluctuations are suppressed. As a result,
the entropy change AS stabilizes at a low value, indicating that
the shear influence is effectively saturated and further increas-
ing confinement only exerts little additional impact on the sys-
tem structure.

Figure 6 presents the kinetic energy distributions of par-
ticles in the shear and shear-free regions under different con-
finement strengths (w = 0.2, 0.3, 0.5, and 5), illustrating the
variation in particle dynamics. In Fig. 6(a), when the confine-
ment is weak (w = 0.2), the particle dynamics in the shear and
shear-free regions differ significantly: particles in the shear re-
gion acquire much higher kinetic energy, reflecting the strong
influence of the shear force. As w increases (e.g., ® = 0.3
and 0.5), the difference between the kinetic energy distribu-
tions of particles in the shear and shear-free regions is grad-
ually decreasing. This indicates that energy transfer occurs
between the two regions due to enhanced particle interactions
and stronger coupling, thereby reducing the dynamical differ-
ences between them (Figs. 6(b) and 6(c)). When the confine-
ment becomes sufficiently strong (e.g., @ = 5), the kinetic en-
ergy distributions in the shear and shear-free regions nearly
coincide, suggesting that particle dynamics are uniform across
regions. In this regime, strong confinement enhances inter-
region coupling and suppresses the influence of shear pertur-
bation, consistent with the behavior observed in Fig. 5.

0.06F m = Without flow 1 0.06f =
o With fI []
(a) = u o How ®)
- w=0.2 " w=0.3
0.04}
o
0.02F
o
O -
0.06-(:) . o5 1 0060 (d) s
LT
0.04} - 4 0.04}
L]
& T,
0.02+ % 4 0.02}
ot . . 0
1074 1073 1072

Ey

Fig. 6. Kinetic energy distributions Pg of particles in the regions with and
without shear force under different confinement strengths of @ = 0.2, 0.3,
0.5, and 5.

4. Summary

In a complex plasma system subjected to a constant shear
force, we conduct an in-depth study of how radial confinement
enhances structural order and dynamical stability. Our results
show that continuous energy input from the shear force signif-
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icantly affects the cluster structure, inducing internal disorder
and weakening particle coupling. Particles in the shear region
exhibit markedly different dynamics compared to those in the
non-shear region. This disparity manifests not only in particle
velocities and spatial distributions but also in overall system
stability and evolution.

Radial confinement effectively mitigates shear-induced
disturbances, enhancing interparticle coupling. Under con-
finement, particles maintain a degree of organized struc-
ture even under perturbations, facilitating structural rearrange-
ments. Cluster compression amplifies interparticle forces, en-
hancing local order and promoting a rebalancing of particle
dynamics across the system, resulting in the stable state.

In complex plasmas, particle interactions are influenced
not only by shear force but also by local temperature, density,
and external boundary conditions. These factors collectively
shape system dynamics. Our study provides a paradigm for
investigating structural rearrangements and collective dynam-
ics in shear-driven systems, highlighting the role of boundary
coupling in mitigating perturbations.
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