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Shear rheology is a fundamental property of soft matter, which can be deformed. Although the shear rheology of fluids
has been well studied at the macroscopic scale, understanding the microscopic processes of rheology at the single-particle
level remains a challenging issue. Dusty plasma serves as an ideal platform for exploring microscopic dynamics of system
at the individual particle level. Here, we study the shear rheology of confined double rings of strongly coupled dust particles
in a dusty plasma. The outer ring is actively driven to rotate using laser illumination. Depending on the particle number, the
inner ring may passively rotate following the outer ring at different angular speeds, resulting in shear rheology. The number
of dust particles influences particle arrangement, which is characterized by the pair correlation function, bond-orientational
order parameter, and triangle skewness. That further alters structural stability, significantly affecting the shear rheology.

Keywords: dusty plasma, soft matter, shear rheology

PACS: 52.27.Lw, 47.57.—s, 83.60.Rs

1. Introduction

Soft matter science deals with materials such as col-
loids, gels, polymers, dusty plasmas, and many biological sub-
stances that are easily deformed.!'™ These materials share
several similar physical properties, including rheology. Shear
rheology focusses on the dynamic properties and flow behav-
ior of materials and is used to study the order—disorder transi-
tion of soft materials. While the macroscopic behavior of soft
matter is well understood, the microscopic processes of rheol-
ogy at the single-particle level remain a significant unresolved
issue. Of particular interest is the shear rheology occurring
between layers of particles. Dusty plasmas and colloidal dis-
persions represent two ideal model systems for studying shear
rheology at the individual particle level. !

Dusty plasma consists of charged microparticles (dust

6-121 These dust particles can

particles) immersed in a plasma.!
acquire significant charges from the ambient plasma, typically
up to 10°~10* elementary charges in most experiments, re-
sulting in the formation of a strongly coupled subsystem of
dust particles. By applying a pair of oppositely-directed laser
beams, the dust particles can form fully developed shear flow
with a controllable shear rate by adjusting the laser power.
Under different conditions, elastic deformation, defect gener-
ation, and plastic flow can also be observed.[!3 As shear flow
develops, melting spreads with a front moving at the trans-
verse sound speed, and coherent longitudinal waves are ex-
cited in the flow region.!'*) However, an experimental study
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of the shear rheology between two layers of dust particles in
dusty plasma is still lacking, according to our literature search.

The shear rheology between multiple layers of colloidal
particles has been experimentally observed recently.!>~11 Us-
ing a rotating holographic optical tweezers array to trap and
drive colloids into active rotation, the inner layers of colloids
also follow their rotation but with different angular speeds,
giving rise to shear rheology. These colloidal particles do
not come into physical contact with each other, typically in-
teracting via a Yukawa pair potential similar to dust particles
in plasma. The structure of the boundary layer affects the in-
ner local hexagonal ordering.!!'8) The number of colloidal par-
ticles also influences the structure, local hexagonal ordering,
and shear rate.

Here, we study the shear rheology between two layers
of strongly-coupled dust particles in a dusty plasma by com-
bining experiment and numerical simulation. A pair of laser
beams are used to drive the outer ring of dust particles into
active rotation. The stability of the dust particle arrangement
depends on the particle number. When the particle number de-
viates from that required to form a stable hexagonal arrange-
ment, the inner ring of dust particles begins to rotate at a differ-
ent speed from the outer ring, and shear rheology is observed.
The particle arrangement changes with particle number, which
can be characterized by the pair correlation function, the bond-
orientational order parameter, and the triangle skewness, as a
result, affecting the shear rate.
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2. Experimental setup and model

Figure 1(a) illustrates the main part of our experimen-
tal setup. Two electrodes are placed horizontally and paral-
lel within a chamber (not shown here) filled with argon gas.
A transparent indium tin oxide (ITO) glass plate serves as
the upper electrode, which is grounded, allowing the experi-
mental phenomena to be observed from above using a camera.
A stainless steel plate acts as the lower electrode and is con-
nected to an radio frequency (RF, 13.56 MHz) power supply
via a matching box. Uniform plasma is generated between the
two electrodes via capacitively coupled discharge. Monodis-
perse polystyrene microspheres (dust particles) are introduced
into the plasma and are suspended in-plane above the lower
electrode due to the sheath electric field. These dust particles
are further confined to form a condensed arrangement in the
shape of two rings [Fig. 1(b)] using a glass ring on the lower
electrode to prevent free expansion. To study the shear rhe-
ology, two Gaussian laser beams are directed at several dust
particles on the outer ring in opposite directions, driving them
to rotate with an angular speed @,. Meanwhile, the dust par-
ticles on the inner ring also rotate with an angular speed @;,
as denoted in Fig. 1(b). The rotation speed depends on the
laser power. For clarity, a polar coordinate system (r, 0, z) is
defined as shown in Fig. 1(a).

Fig. 1. Diagram of the setup: (a) uniform plasma is generated between the
upper and lower electrodes. Dust particles are suspended above the lower
electrode and confined by a glass ring to form a double-rings arrangement.
Two laser beams illuminate several dust particles in opposite directions,
driving them to rotate. (b) The dust particles on the inner and outer rings
perform persistent rotation with angular speeds @; and @,, respectively.

The experimental parameters used are: gas pressure p =
10 Pa, rf power P = 10 W, separation between electrodes
d = 6 cm, inner radius ro = 8 mm, outer radius r; = 10 mm,
and height 7 = 6 mm of the glass ring. The power of each laser
is 50 mW, with a width / = 0.68 mm, and the radius of the dust
particle is rg = 7.5 pm.

Numerical simulations are conducted based on the ex-
perimental setup model shown in Fig. 1. Due to the exten-
sive computational requirements for three-dimensional (3D)
simulation, a direct one-step simulation is currently imprac-
tical. Instead, a two-step simulation approach is used to ob-
tain the 3D distribution of plasma parameters, leveraging the
circular symmetry of the configuration.!?’! Firstly, in a ran-
domly chosen vertical cross section (r—z plane) as denoted

by Q in Fig. 1, plasma parameters I1(r,z) are calculated via
COMSOL.?! This involves solving the continuity equations
for charged species and the electron energy balance equation,
coupled with Poisson’s equation. Secondly, the 3D distribu-
tions of plasma parameters II(r,0,z) are obtained by rotat-
ing and interpolating the plasma parameters I1(r,z) around the
symmetric axis of the glass ring from O to 2. The parameters
used in the simulations match those of the experiments de-
scribed above. Under these parameters, the calculated electron
density n. = 1.78 x 10'> m3, potential U = 43.75 V, and De-
bye length Ap. = 457 um. The potential within the glass ring
shows a parabolic distribution, which confines the negatively
charged dust particles to the center of the glass ring to form an
approximate two-dimensional (2D) arrangement.

Based on the calculated plasma parameters, the charge O
of a dust particle can be obtained using OML theory, which
yields Q ~ 10*e. The forces acting on the dust particles can
then be analyzed, and the equation of motion for a dust particle
can be described as follows:[2>23]

mit = Fy+ B+ Fy + Fy + Fo + F+ Fy, (1)

here, m represents the mass of the dust particle, # is the ac-
celeration of the dust particle. The forces acting on the dust
particle include the gravity force Fy, the ion drag force F}, (8]
the neutral drag force F,,1% the interparticle force Fy,24 the
electric force Fp, the laser propulsion force Fi,”>! and the
fluctuation force F,.

The laser propulsion force is related to the intensity of the
applied laser beam:

F = q((nn’rﬁIL)/c), 2)

where ¢ is a dimensionless factor determining the absorptiv-
ity of photons, which is assumed to be unity, representing full
absorption; n = 1 is the refractive index of the surrounding me-
dia, and c is the speed of light. Under the present experimental
conditions, i, ~ 10712 N.

3. Results

Under the present experimental conditions, the subsystem
of dust particles exhibits a strongly coupled feature, resulting
in a relatively stable configuration that depends on the particle
number. For the particle numbers N = 18, 19, and 20 used
here, the effective area fraction @er ~ 0.8-0.9, suggesting a
hexagonal configuration.!'8! When the number of introduced
dust particles is N = 19, as shown in Fig. 2, they form a static
configuration with hexagonal symmetry in the absence of laser
illumination. This configuration consists of a central core with
1 particle, an inner ring with 6 particles, and an outer ring with
12 particles, arranged as (1, 6, 12) for the magic number of 19.
For convenience, these dust particles are labelled as a core (1),

an inner ring (2-7), and an outer ring (8—19), as indicated in
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Fig. 2. When the lasers are turned on, the two laser beams il-
luminate four dust particles on the outer ring at fixed positions
(17, 18, 11, and 12) in Fig. 2(a) in opposite directions. These
four dust particles push their neighboring dust particles on the
same outer ring, generating persistent rotation in an anticlock-
wise direction. This behavior is shown in Figs. 2(a)-2(c) for
experimental observations and Figs. 2(d)-2(f) for simulations.
The period of the actively rotating outer ring is approximately
T ~ 30.1 s, observed experimentally with a laser power of
50 mW. Increasing the laser power definitely enhances the
laser propulsion force, as a result, accelerating the rotation
speed of the particles. In addition, the height difference of
the suspended particles is only at the micrometer-scale. Com-
pared with the millimeter-scale structure formed by dust parti-

cles in the r—0 plane, the distribution of dust particles in the z

direction can be neglected.

aser—
Laser =,

Simulation
ASCI

=S f~

Fig. 2. Spatial distributions of dust particles with a number of N = 19 [ar-
ranged as (1, 6, 12)] and their rotation process in an anticlockwise direction.
Laser beams illuminate the dust particles at fixed positions, as denoted by
17, 18, 11, and 12 in panel (a), in opposite directions. (a)-(c) Experiment,
(d)—(f) simulation. The inner ring rotates with the same angular speed as the
outer ring. Gas pressure p = 10 Pa, rf power P = 10 W, and laser power
Paser = 50 mW.

t=16.3s t=232.0s Imm

The dust particles on the inner ring passively rotate as a
rigid body at the same speed as those on the outer ring, which
is attributed to the strong coupling among them and the stable
configuration for the magic number of N = 19. The curve of
angular displacement versus time for a randomly selected dust
particle on the inner ring closely matches that of a dust parti-
cle on the outer ring, as shown in Fig. 3. This indicates rigid
rotation for this configuration, with the rotation speed @; =
@, = 0.209 rad/s in experiment and @ = @, = 0.131 rad/s in
simulation.

When the number of introduced dust particles deviates
from N = 19, which is the magic number required for a stable
configuration, the dynamical processes change markedly. For

example, when N = 18, the subsystem of dust particles forms

a configuration with the arrangement (1, 6, 11), as shown in
Fig. 4(a). In this case, under laser illumination, both the in-
ner and outer rings rotate persistently but at different speeds
[see Figs. 5(a) and 5(c)], with @; < @,, indicating that the in-
ner ring rotates slower than the outer ring, suggesting a slip
between the two rings. The calculated shear rate, which char-
acterizes the shear rheology, is ¥ = riA®@, i/Ar,; = 0.69 s7!
for this configuration, where A@,; = @, — @; is step down
in @ between the outer and inner rings, and A7y; = 7o — 7
is the radial separation between the rings.!!”! During the slip-
ping process, the inner ring maintains its hexagonal symmetry,
as shown in Figs. 4(a)—4(c). Therefore, the observed slipping
results from the reduction in symmetry of the outer ring, which
leads to decrease in structural stability. Furthermore, the shear
rheological behavior is explicitly correlated with the applied
shear rate. This phenomenon is very similar to what has been

observed in colloidal experiments.[!*!

8t (a) — Outer
PN B Inner
= 6
g
— 4
< .
<) Experiment
w; = W, =0.209 rad/s
O0 10 20 30 40
t(s)
6 F
R
94
3
3 2
< Simulation
1 @ = U= 0.131 rad/s
00 10 20 30 40
t(s)

Fig. 3. Dependence of the angular displacements of two randomly-selected
rotating dust particles on the inner and outer rings over time: (a) experiment,
(b) simulation. The dashed curve and the solid curve coincide with each other,
suggesting identical rotation speeds, @; = ®,, on the inner and outer rings.
The parameters used are the same as those in Fig. 2. The two randomly-
selected rotating dust particles are No. 7 and No. 17 as indicated in Fig. 2.

Fig. 4. Spatial distributions of dust particles and their rotation process: (a)—
(c) N =18, arranged as (1, 6, 11); (d)—(f) N = 20, arranged as (1, 7, 12). The
outer ring rotates faster than the inner ring. Gas pressure p = 10 Pa, rf power
P =10 W, and laser power Pjser = 50 mW.
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Fig. 5. Dependence of the angular displacements of two randomly-selected rotating dust particles on the inner and outer rings over time:
(a)—(b) experiments for N = 18 and 20, (c)—(d) simulations for N = 18 and 20, respectively. The dashed curve deviates from the solid
curve, suggesting different rotation speeds, @; < @,, on the inner and outer rings. The parameters used are the same as those in Fig. 4. The
two randomly-selected rotating dust particles are No. 7 and No. 17 as indicated in Fig. 4.

For the case of N = 20, the subsystem of dust particles
forms a configuration with the arrangement (1, 7, 12), as
shown in Fig. 4(d). Under laser illumination, the inner ring
also begins to rotate passively, following the active outer ring
[Figs. 4(d)-4(f)], but at a slower angular speed, @; < @,, as
shown in Figs. 5(b) and 5(d). The seven particles on the rotat-
ing inner ring result in decrease of structural stability, leading
to similar shear behavior between the inner and outer rings,
with a shear rate ¥ = 0.52 s~!
versal of the laser direction does not exert influences on the
results beyond the rotation direction. Furthermore, the shear

. It is noteworthy that the re-

rheological behavior is explicitly correlated with the applied
shear rate. If the laser power is below 10 mW, shear rheology
disappears even under the conditions of N = 18 and N = 20.
However, increasing the laser power to a level of 100 mW
as we test still does not lead to the shear rheology even for
N=19.

To quantify the influence of structural stability on shear
rheology, we present the tangential stress on the inner ring G;
based on the following formula:!®]

Cniria

here, { represents the drag coefficient according to the Ep-

3)

O =

stein formula, and n; represents the particle number of the
inner ring. Both results in experiment and simulation indi-
cate that the shear stress between the inner and outer rings o;
is greater when the number of particles N = 19 compared to
cases where N = 18 or N = 20, which directly accounts for
the occurrence of shear rheology under conditions of N = 18
and N = 20 particles.?”) Here, we provide the specific magni-
tude of 6;. When N = 18, 19, and 20, 6; = 6.17 x 10710 N/m,
9.85 x 10710 N/m, and 4.84 x 10~!9 N/m in experiment, re-
spectively, and 6; = 3.83 x 10719 N/m, 6.17 x 1071 N/m, and
3.82 x 1071 N/m in simulation, respectively.

The observed shear rheology originates from changes in
the structure of the dust particles. For the stable structure with

N =19, the pair correlation function g, exhibits distinct nar-
row peaks, as indicated in Figs. 6(b) and 6(e). This structure
displays a better hexagonal symmetry, which can be evaluated
using the triangle skewness?®! defined by

S = max[(Pmax — @e)/ (T — Pe), (P — Pmin)/ Pe], “

here, ¢max and @nin represent the largest and smallest angles
in the triangle faces, as shown in Fig. 7, ¢. = 7/3 for trian-
gle, S = 0 for perfect hexagonal symmetry, and the hexagonal
symmetry decreases as S increases.

0.1 (2) Experiment N=18
° 0 8 dk ) ) nH’V Hﬂd ) Hﬂﬂﬂmﬂﬂm
) I N=19
s 0.1} w
ol _alh, A,
01} . V= HHW
S
0 ek L L HH “Hn L HH I
0 0.5 1.0 1.5 2.0 2.5
r (mm)
0.2} (d) Simulation N=18
5 0.1F
i ol . _all, . HWHH
. 0.2f() q N=19 H
S
0.1}
oll ) . ) HHH oo
0.2} (f) i N=20
S 0.1f
0 H L L ul Hﬂ. L !‘IHHHHn
0 0.5 1.0 1.5 2.0 2.5
r (mm)

Fig. 6. Pair correlation function g for different particle numbers N:
(a)—(c) experiment, (d)—(f) simulation. The parameters are the same as
those in Fig. 4.

In Figs. 7(b) and 7(e), for N = 19, the triangle skewness
approaches zero, suggesting a hexagonal arrangement. This is

further verified by the bond-orientational order parameter &g
approaching unity as shown by the black solid curves in Fig. 8.
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For the particle numbers N = 18 and 20, the pair corre-
lation function g, exhibits broad peaks, indicating decrease in
structural stability of both the inner and outer ring. The sym-
metry of the structure also decreases as indicated by the in-
creased triangle skewness shown in Figs. 7(a), 7(c), 7(d), and
7(f), particularly those between the inner and outer rings.

0.3

Experiment

0.2

Simulation

Fig. 7. Triangle skewness for different particle numbers N: (a)—(c) ex-
periment, (d)—(f) simulation. Parameters are the same as those in Fig. 4.

1.0

1.0

)

' St b T
S st e
:

De

0.5F i

Simulation (b)
% 10 20 30 20
t (s)

Fig. 8. Evolution of the bond-orientational order parameter for different
particle numbers N: (a) experiment, (b) simulation. Parameters are the
same as those in Fig. 4.

The bond-orientational order parameters @ for N = 18
and 20 are somewhat lower than those for N = 19, as shown
in Fig. 8. In particular, for N = 20, the average value of ®q is
only approximately 0.3, due to the structural stability of the in-
ner ring. The evolution of the bond-orientational order param-
eters with time exhibits some oscillation, which is attributed
to the intermittent illumination from the laser beam on the ro-
tating dust particles.

The structural stability is also related to the average po-
tential energy W of the particles, which is expressed as follow-
ing formula:

W =W+ Wg. )

In the above equation, Wy represents the parabolic potential
energy of the multi-particle system, and W represents the in-
teraction potential energy of the multi-particle system. The

parabolic potential energy W;; is determined by formulas as
follows:
m I

W (5, (1)) = Wio — 22(1) — R /IO 2(de, (6)
where Wy is a constant, xs(f) and x(f) are the measurable
trajectory of a freely released particle and its derived velocity,
respectively. The relaxation time 7 is determined by a linearity
constant R and the particle mass m. Detailed solution methods
can be found in Ref. [26]. As for parabolic potential energy
W; can be determined by the following equation:

1 N
WSZNZ‘/VSI(|TIC_7"1|)7 (N
k=1

here, 7, denotes position vector of the No. & particle (k =1, 2,
..., N), r1 denotes position vector of the central particle. The
determination of interaction potential energy Wg is governed
by the subsequent formulas:

I & Kag; i — )
W = ﬁ,;;cil?‘k—?‘j\ exp (AD ) ®)
In the aforementioned formula, K represents electrostatic force
constant, Ap represents the Debye length, 7; represents posi-
tion vector of the No. j particle, g; and ¢; denote the charge
of the No. k particle and the No. j particle (k,j =1, 2, ...,
N), respectively. In the absence of driving laser, the experi-
ment reveals that the average potential energy of the particles
reaches its minimum W = 2.22 x 1072 J when the number of
particles N is 19. And, its minimum is W = 1.31 x 10727
in simulation. As N gradually deviates from 19, the structure
stability decreases, and the average potential energy of the par-

ticles gradually increases. ")

4. Conclusion

By combining experiments and numerical simulations,
we studied the shear rheology between two layers of strongly
coupled dust particles in a dusty plasma. The outer ring is ac-
tively driven by laser illumination. Shear rheology is observed
by varying the number of introduced particles. During this
process, the inner ring also rotates, following the outer ring
but at different angular speeds. The number of particles can
affect particle arrangement, further altering the shear rate by
changing structural stability. The observed shear rheology in
this dusty plasma system is similar to that in recent colloidal
experiments. Both systems serve as ideal platforms for study-
ing the fundamental properties of adaptive confinement in 2D
materials. Future experiments with a larger number of parti-
cles could lead to the formation of multiple rings of strongly
coupled dust particles, enabling accurate measurements of os-
motic pressure, transverse shear rate, and longitudinal shear
rate.
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