PHYSICAL REVIEW RESEARCH §, L012030 (2023)

L tetter | Featuredin Physics

Recrystallization in string-fluid complex plasmas
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Complex plasmas, i.e., low-temperature plasmas containing suspensions of solid microparticles, exhibit
electrorheological properties which are manifested by the formation of stringlike clusters (SLCs) in microgravity
experiments. It is thought that SLCs form due to a long-range effective attraction between the particles under
the influence of a directed ion flow. We performed molecular dynamics (MD) simulations of negatively charged
microparticles with positive model wakes to mimic the effect of ion flow in experiments, and achieved SLC
formation without long-range attraction between the microparticles. We show that long-range-reduced repulsion
was enough to obtain the SLCs similar to the experiments and found that the simulations with the long-range
attraction became unstable due to particle accelerations. Destruction and recrystallization of the stringlike struc-
ture was also studied experimentally using the Plasmakristall-4 facility on board the International Space Station,
and the experimental findings were compared to those from three—dimensional MD simulations. We found

excellent qualitative agreement between simulation and experiment when recrystallization was simulated using
an interparticle potential without effective long-range attraction.
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Electrorheological fluids are electrically insulating flu-
ids with polarizable micrometer-sized particles embedded in
them [1-3]. When an electric field is applied to these systems,
the microparticles align along the field and drastically change
the rheological properties of the system, such as shear vis-
cosity and dynamic modulus, giving rise to a wide range of
potential applications [4].

The other class of systems with electrorheological proper-
ties are complex plasmas [5-7]. Complex plasmas are ionized
gases with suspensions of micrometer-sized “dust” particles
embedded in them [8,9]. These microparticles become highly
negatively charged, and their interparticle interactions are
governed by a shielded Coulomb (or Yukawa) interaction
potential. The subsystem of these microparticles can become
strongly coupled, thus, allowing it to be used to model generic
classical condensed-matter phenomena. Electrorheology in
complex plasmas is observed on the application of an external
electric field: the microparticles align themselves in stringlike
clusters (SLCs) [10-13]. The electric field causes an ion flow
that deforms the ion cloud around the microparticles and
leads to a buildup of excess positive charge behind them.
This positively charged region, known as an “ion wake,” is
responsible for modifying the interparticle potential and, thus,
leads to the stringlike microparticle arrangement. SLCs in
conventional electrorheological fluids form due to long-range
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(compared to a characteristic distance, in our case the distance
of the wake to the particle) interparticle attraction [14], and
it is widely assumed that this is also the case in complex
plasmas [15-20].

The presence of long-range attraction would, however, nat-
urally result in the appearance of a characteristic interparticle
distance inside the SLCs equal to the position of the bottom
of the potential well in the interaction potential. At the same
time, in the direction orthogonal to the external electric field,
the interparticle distance should be determined by the balance
of interparticle repulsion and confinement forces. Recent ex-
periments in the Plasmakristall-4 (PK-4) facility suggest that
the interparticle distances inside the SLCs are very close to the
interstring distances [12,13], which questions the necessity of
long-range attraction for the formation of the SLCs. In this
Letter, we use a new approach to molecular dynamics (MD)
simulations [6] to show for the first time that this long-range
attraction is not necessary for string formation, and that sim-
ply reducing the repulsion along a given axis is sufficient to
form SLCs aligned in that direction.

For this purpose, we studied the formation and recrystal-
lization of SLCs in complex plasmas using both simulations
and experiments under microgravity conditions in the PK-4
facility on board the International Space Station [21].

We used an experimental procedure similar to
Refs. [22-24]. The heart of the PK-4 setup is a cylindrical
glass plasma chamber of 3-cm diameter in which a direct
current (DC) glow discharge is created ( see the Supplemental
Material [25] for a sketch of the experimental setup). In
our particular experiment, argon gas at the pressure of
11 Pa was used as working gas. At the beginning of the
experiment, 3.38-um diameter melamine formaldehyde
microspheres were introduced into the peripheral region of
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the chamber. A DC discharge of 0.5-mA current transported
the microparticles into the working area. Once they became
visible (due to the illumination by a laser sheet) by the
centrally positioned cameras, the discharge regime was
changed from the unipolar DC to polarity switching. In the
polarity switching regime, the polarity of the active electrode
was switched with the frequency of 500 Hz. This frequency is
high enough for the microparticles to not react to the periodic
variations of the electric field. In this way, the microparticles
were trapped in the discharge chamber. At this frequency the
ions can still follow the switching electric field and lead to
the formation of wakes on both sides of the microparticles.

The suspension of trapped microparticles exhibited string-
like structure similarly to Refs. [12,13]. In order to destroy
the stringlike structure and observe further recrystallization,
we switched off the discharge for some fractions of a second.
This was long enough to destroy the structure of the system,
whereas, the timescale for recrystallization was observed to
be of the order of magnitude of a few seconds. We note that
a similar “plasma-off” technique was used in Ref. [26] to
determine the spatial profile of the manipulation laser inten-
sity in situ. Before and after the recrystallization process, the
suspension of microparticles was scanned in order to measure
its three-dimensional (3D) structure. The velocity of the scan
was 0.9 mm/s, and the scanning range was 14 mm. During
the recrystallization, the position of the camera was static.
Therefore, only two-dimensional (2D) information was avail-
able. This procedure was repeated several times at the same
discharge conditions with the same microparticle suspension
with different plasma-off durations. Since in all cases the
behavior was similar, we concentrate in the following on a
particular example with the plasma-off time of 0.3 s.

To process the experimental data, we used the sequence of
video images from one of the PK-4 cameras. The field of view
had a size of 1600 x 600 pixels and the frame rate of the video
recording was 60 fps.

The 3D positions of the microparticles were determined
from the scans using the algorithm described in Ref. [12].
For the 2D data obtained during the recrystallization, the 2D
microparticle positions, and velocities could be determined in
each image.

To simulate the experiment in 3D, we used the open source
software the ‘Large-scale Atomic/Molecular Massively Par-
allel Simulator’ [27]. The main forces acting on the particles
in the simulation are the interparticle force given by the
Yukawa potential, the Langevin force due to the thermostat,
and the Epstein damping due to the friction with the back-
ground gas.

Previous MD simulations of electrorheological complex
plasmas mimic the effect of ions by using a wake poten-
tial to describe the interparticle interactions [28—30]. For our
simulation, we modified the Yukawa potential by including
two-point wake charges around each particle [6]. We posi-
tioned two wakes of charge —w.q (g is the microparticle
charge) downstream and upstream the particle at a distance
of ry along the x axis. As a result, we expect to see SLCs
aligned with the x axis. Our code for the custom modification
to the potential can be found in Ref. [31]. The wake charge and
distance are the two free parameters we can change to adjust
the strength of the interparticle interactions in order to obtain
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FIG. 1. Axial profiles of the pure Yukawa potential ¢y and the
total potential ¢. The axis x coincides with the direction of ry. The
location of the point wake with a charge of —0.2¢g (x = 0.055 mm)
is marked by a vertical dashed line. The inset shows the long-range
tail of the interaction potential. The interaction potential appears to
be repulsive at large distances. The repulsion is however significantly
reduced compared to the Yukawa potential.

SLCs. This brings us to the model interaction potential we will
use in the MD simulations: ¢ = ¢y + Pw+ + Pw— with

oy = 1 exp(—«r), (1)
TTEQr
—Ww,
bus = ———L_ exp(—Kegr|r F Fy ), ®)
4 eg|r F 1y |

where r is the interparticle distance and

2
Keff = | ———5— + k2. 3
. \/(1 +M§1 cos® {) ¢ ©)

Here, My, is the thermal mach number of the ions, ¢ is the an-
gle between the vector connecting the microparticles and the
direction of the externally applied electric field (and, hence,
the ion flow), « is the inverse of the interparticle screening
length, and k. determines the electron screening. The effective
screening for the potential due to the wake is affected by the
direction and speed of the ion flow.

The axial profiles of the interparticle interaction potentials
used are plotted in Fig. 1. The Yukawa potential is shown with
a black dashed line, whereas, the total potential ¢ is shown
with a solid red line in Fig. 1. It can be clearly seen in the inset
that the combined potential is not attractive after x &~ 75 um
and is instead repulsive at long distances. It should, however,
be noted that the total potential is significantly less repulsive
compared to the pure Yukawa potential.

Changing the wake charge changes the width of the poten-
tial well, and changing the wake distance moves the potential
well along the x axis. The wider the potential well and the
further away it is from the particle, the more the repulsion is
reduced compared to Yukawa potential. Increasing the wake
charge past a threshold led to the interparticle potential be-
coming attractive at long distances (see the Supplemental
Material [25]). This caused strong acceleration of the particles
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FIG. 2. Pairs of plots showing the number of string neighbors (left) and the pair correlation function (right) for the system at various times
during the experiment. A particle is colored red if it has two string neighbors, green if it has one, and blue if it has none. It can be seen
clearly that the structure in (a) at + = —0.5 s was destroyed completely by melting at # = Os in (b) at r = 0.26 s and was reformed fully by

(d)atr =4s.

making the simulation unstable, consistent with the observa-
tions in previous simulations [6,28]. We found that the time
taken to form the SLCs was very sensitive to r,, and w,, and
could be increased or decreased by changes to the potential
well.

Below, we concentrate on an example simulation with
we = 0.2 and ry = 55 um. The data used in the following
analysis can be found in Ref. [32]. We first initialized the sys-
tem at thermal equilibrium with a Yukawa potential, and then
modified the interparticle potential to include positive charges
and, thus, mimicked the wakes caused by the ion flow. We then
induced crystallization by reducing the microparticle temper-
ature from 1200 K to 300 K and waited for the system to form
the SLCs. Once the system reached equilibrium, we simulated
the plasma-off phase in the experiments by destroying the
order in the system. This was performed by: (i) drastically
reducing the particle charge, and (ii) increasing their temper-
ature to 1200 K. After 0.3 s we reverted the changes, let the
system relax back to equilibrium and reform the SLCs.

To perform the simulation, we used a time step of 10 us
and a data acquisition rate of 1000 fps. We used a simu-
lation box with dimensions 4.5 x 3 x 3 mm?. We generated
microparticles with an interparticle distance of 227 um and a
Yukawa interparticle potential for particles with a charge of
q = —3481 elementary charges [33] and a Debye length of
190 um. We used a Langevin dynamics thermostat with an
Epstein damping coefficient corresponding to argon gas at a
pressure of 11 Pa. We also used periodic boundary conditions.
By doing so, we assume that in our case the plasma density is
low enough for the ion drag force acting on the microparticles

to not be sufficient to balance the electrostatic force. In this
case, as shown in Refs. [34-36], the radial stability of the mi-
croparticle suspension can only be provided if the ambipolar
electric field vanishes, and the ionization balance localizes.
During the plasma-off time, the microparticle charge was set
to —10 e instead of zero since residual charges are found on
microparticles in the afterglow [37]. However, this did not
seem to be noticeably different from the simulations with zero
residual charge.

A limitation of the simulation was that after the simulated
recrystallization process, often a few particles got trapped in
the potential well created by the wakes and as a result became
attached to their neighbors. We hypothesize this occurred due
to the particles moving past the small potential barrier due
to either too large a time step or because they were suddenly
and strongly repelled by other particles. We saw benefit from
reducing the time step, but found no way to completely elim-
inate this effect.

In order to qualitatively characterize the 3D structure of
the microparticle suspensions in both simulation and experi-
ments, we used the 3D pair correlation function in spherical
coordinates and its angular integrals [13]. The definition of
these quantities is given in the Supplemental Material [25].

For the experimental 2D data obtained in the illuminated
slab during the recrystallization process, we defined the pair
correlation function in polar coordinates as follows:

N
1 8(pi,j — p)8(ayj — )
gw(p,a) = oaN ij2=1 .

i)

)
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where p; ; and o; ; are the length and polar angle of the vector
connecting the particles i and j, respectively, whereas p and
a are the current polar coordinates, N is the total number of
particles in the considered system, and oy is the 2D density of
particles in the image. The direction with « = O corresponds
to the axis of the plasma chamber.

The radial and angular widths of the string peaks in the
correlations determined which neighbors of a particle formed
an SLC together [13]. For the experimental data, the peaks in
the 2D pair correlations g,p(p, o) were used. For the simu-
lated data, we relied on the 3D correlation functions (see the
Supplemental Material [25]). Particles that lie inside the string
peaks were identified as string neighbors [12,13]. We defined
the ‘stringiness’ as the average number of string neighbors at
any given time, and used it as a measure of the order in the
system.

The 3D correlation functions for the experimental and sim-
ulated data are included in the Supplemental Material [25].
From this correlation analysis, we conclude that in the simula-
tions as well as in the experiments, the suspensions of particles
exhibit qualitatively similar stringlike order. Also, the order
before and after the plasma off event is similar (but not exactly
the same) in the experiment and in the simulations.

The evolution of the structure of the experimental suspen-
sion before and after the order was destroyed is shown in
Fig. 2 using 2D data. We suppose (both for experimental and
for simulated data) that the plasma is switched off at time
t = 0. Two strong peaks are visible in Fig. 2(a) at « = 7 and
o = 0 corresponding to the direction of the SLC formation in
the experiment. It can be seen in Fig. 2(b) that the structure
was completely destroyed and eventually reformed to reach
equilibrium [Fig. 2(d)]. The destruction of the order in the
simulated system is confirmed by the 3D correlation analysis
in the Supplementary Material [25].

The variation of the stringiness of the system with time
for both experimental and simulated data is plotted in Fig. 3.
The figure shows remarkable similarity between the exper-
imental and the simulated data. Both the experimental and
simulated systems were at equilibrium before the plasma was
turned off and returned to their equilibrium states after the
plasma was turned on again. The velocities in Fig. 3(b) for
both experiment and simulation rise suddenly once the plasma
is turned on again and then decay to equilibrium in a few
milliseconds. This happens since the microparticles lose their
charge quickly once the plasma is turned off in the experiment,
which allows some microparticles to approach each other very
closely. When their charges are restored, the particles rapidly
shoot away from each other giving rise to the peak in velocity
in both the experimental and simulation plot immediately after
the plasma is turned on again.

We can see from Fig. 3(a) that the shape of the stringiness
in both the simulation and experiment is qualitatively very
similar, and the time taken to reach equilibrium is also very
similar. We can also see from Fig. 3 that the change in stringi-
ness happens a lot slower than the change in particle velocity.
This suggests that SLC formation depends on mechanisms
other than just heating or cooling of the particles. After being
cooled down, the particles have to diffuse to their equilibrium
positions in the SLCs. Below, we give a rough estimation of
this diffusion time.
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FIG. 3. Time variation of the (a) stringiness of the microparti-
cles, (b) average chaotic microparticle velocities in the simulations
and in the experiment. For the experimental data, the differences
between the local drift velocity and velocity of each microparticle
were considered.

Under the assumption of weak coupling, the diffusion coef-
ficient can be expressed as D = [vy /3, where vy is the thermal
velocity of the particles, and [ is their mean free path. In
its turn, [ = (ong)~"!, where nq is the microparticle number
density, and o is the cross-sectional area.

Since the velocities of the microparticles are very small, the
cross-section, o, will be mainly determined by the geometry
of the shielding ion cloud which can be represented as an
ellipsoid with the semiaxes «~Vand k' + r,. Then, o can be
estimated as an average of the areas of the three projections of
this ellipsoid,

o = 1[7Af + 2w Ap(hp + 1)), ®)

where Ap = k~!. This results in D = 1.6 x 1073 m2s~! for
the parameters used in the simulation. Finally, the relax-
ation time can be defined as the time required for a particle
to diffuse the distance of the order of average interparticle
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distance d: tgigg ~ d?/D ~ 2.46 s, which is consistent with the
experimental observations and simulation data.

To conclude, microparticles in complex plasmas often form
structures with stringlike order when an external electric field
is applied. Until now, the formation of the SLCs has been
attributed to a long-range effective attraction between the
microparticles. We found that this process is not necessarily a
consequence of attraction between the particles as assumed in
many previous papers, but rather a consequence of the reduced
repulsion in the direction of the dipole-dipole interactions. We
performed and simulated “recrystallization” experiments in
which the stringlike order in a stable microparticle suspension
was destroyed by shortly switching the plasma off. After that,
the suspension relaxed to the initial order within seconds.

Excellent qualitative agreement between the experimen-
tal results and the results of the simulation suggests that
reducing the repulsion along a given direction in the inter-
action potential is a sufficient condition for the formation of

SLCs in complex plasmas. The estimations also show that the
relaxation time is determined by the diffusion of the micropar-
ticles to their equilibrium positions in the SLCs.
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