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Abstract — In this letter, a simulation study on the structural and dynamical properties of a
quasi-two-dimensional (q2D) binary complex plasma with Langevin dynamics is presented. The
effect of a non-reciprocal interaction on the structure is investigated by comparing systems with
pure Yukawa and with point-wake Yukawa interactions. The long-time alpha-relaxation for the
latter system is revealed by plotting and analyzing the intermediate scattering function. The
results clearly indicate that a q2D binary complex plasma is a suitable model system to study
the dynamics of a glass former. The non-reciprocity of the interactions shifts the glass formation
significantly but leads to the same qualitative signatures as in the reciprocal case.

Copyright © EPLA, 2018

Introduction. — A complex plasma consists of micron-
sized particles immersed in a low-temperature plasma [1].
The particles interact with ions and electrons and acquire
high charges ). Since the thermal velocity of electrons
is much higher than that of ions, the charges @ usually
are negative. The particles interact with each other via
a screened Coulomb interaction. The interplay between
the damping (caused by a neutral gas) and the heating
mechanism (such as charge fluctuation) results in a fi-
nite kinetic temperature T. In a complex plasma, the
microparticles are the dominant species in terms of the
energy and momentum transport and, therefore, the sys-
tem can be viewed as an effective one-component mate-
rial. Furthermore, complex plasmas represent an open
non-Hamiltonian system and can exist in gaseous, liquid
and solid phases [2,3]. Therefore, they are ideal model sys-
tems to study classical condensed matter at the “atom”
(i.e., particle resolved) level [4,5].

Since the discovery of plasma crystals [6,7], complex
plasmas have been used to study the dynamics of various
phenomena such as melting [8,9], recrystallzation [10], de-
fect transport [11], formation of Mach cones [12,13], etc.

(2)E-mail: chengran.du@dhu.edu.cn

Particularly in laboratory experiments, the particles are
suspended in the sheath area above the bottom electrode
and form a layer of particles. These charged particles
divert the ion flow in the sheath, leading to a focus of
positive charged ions beneath the microparticles, known
as ion wake effect. The presence of high ion densities
exerts an additional force on the neighboring micropar-
ticles. For a binary mixture of microparticles levitating
at a slightly different height above the electrode, the ef-
fect of this additional force is uneven, resulting in non-
reciprocal effective interactions between the particles [14].
Of course, this does not violate the principles of New-
ton’s action = reaction, since the flowing ions are carrying
momentum away (one should keep in mind that the ion
wakes are not attached to the charged particles, but are in-
duced in the surrounding flowing plasma). Therefore, the
momentum of the microparticles is no longer conserved.
We point out that the interaction non-reciprocity has not
only been previously used [4,5,15-22] and experimentally
tested in complex plasmas [13,14,23-29], but it has been
also observed in many other systems [30-39].

As a liquid is cooled, it may not only crystallize but
also remain in an amorphous state [40,41]. A supercooled
liquid can exhibit glassy dynamics. Recently, a glass
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former was discovered experimentally in a quasi-two-
dimensional (q2D) binary complex plasma [42]. With a
dilute background gas, the system can be seen as virtu-
ally undamped [4]. Unlike colloidal glasses which obey
overdamped dynamics, this enables one to study a glass
former which is governed by the same equations of mo-
tion as molecular glasses albeit on a much larger length
scale [18,42].

In this letter, we report on a Langevin dynamics simula-
tion of a q2D binary complex plasma. We study the depen-
dence of the structure on the number ratio of two particle
types and focus on the dynamics of the long time scale,
namely the alpha-relaxation. Fitting the self-part of the
intermediate scattering function using a Kohlrausch equa-
tion, we determine the critical parameters for the glass
transition of the system.

The implications of this study are twofold: first we show
that in an appropriate model for a binary complex plasma
a glass transition does occur. Hence complex plasmas
can be used to explore the slowing-down in the dynam-
ics. Second, on a more fundamental level, the effect of
non-reciprocal interactions on the glass transition has not
yet been studied. Computer simulation so far assumed re-
ciprocal interactions and mode coupling theory typically
requires Hamiltonian systems with reciprocal interactions.
Our study reveals that non-reciprocal interactions shift the
glass transition relative to that in reciprocal systems but
the qualitative scenario and signatures are the same.

Simulation. — In complex plasmas, the motions of mi-
croparticles can be studied by molecular dynamics (MD).
The equations of motion including damping read

mit; + mivr; = ZFJz + L;, (1)
J

where r; is the particle position, m; the mass, v; the
damping rate, L; the Langevin heat bath. The Langevin
force L; is defined by (L;(¢)) = 0 and (L;(t)L;(t + 7')) =
2u;m;T6(7')1, where t is the time, T is the temperature
of the heat bath, §(7') is the delta function and I is the
unit matrix.

Here we simulated a binary mixtures of microparticles
confined in the (pre)sheath of a plasma, where the grav-
itational force is balanced by the electrostatic forces of
the sheath field [42-44]. Since two types of particle have
different mass, the equilibrium heights deviate. Gener-
ally, this vertical strong confinement can be modeled using
parabolic confinement. However, recent experiments show
that under certain conditions, the vertical motion is much
smaller compared with the horizontal one [42]. Therefore,
for simplicity we neglected the vertical motion and con-
sidered the height difference as a constant A, see fig. 1.
Experiments show that A depends on the disparity of two
types of particles, gas pressure and discharge power, but
does not depend on the interparticle distance.

In the simulation, individual microparticles are modeled
as negative point-like charges. To include the ion wake

small particle

big particle
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Fig. 1: (Color online) A sketch showing the side view of a quasi-
two-dimensional complex plasma. The non-reciprocal interac-
tion between a small particle and a big particle is illustrated.

in the particle interaction, a positive point-like charge is
placed at a fixed vertical distance § below each parti-
cle [19-22,25,27-29]. The force exerted on particle i by
particle j is composed of two components, namely the re-
pulsive force Fjpi by particle j and attractive force F} by
the point-like charge below particle 5. Both components
have the form of a Yukawa interaction, see fig. 1. The
effective forces can be written as

Tji wy T
Fj; = F), + Fj] = Qinf(Tji)Tj” + %ij(rji)riwv (2)
ji i

where f(r) = exp(—7/A)(1+7r/X) /4meor?, X is the effective
screening length, 7j; = r; —r; and 7} = r; — (r; —dey).
Without the vertical motion, we projected forces in the zy
plane and the system becomes essentially 2D. Thus, the
interaction is non-reciprocal [14,17,26]. The molecular-
dynamics simulations were performed using LAMMPS in
the canonical ensemble [45,46].

We choose typical plasma and particle parameters ac-
cording to the experiments [42]. The neutral gas pres-
sure is 0.65Pa (which determines the damping). The
small particles have a diameter d; = 9.19 ym, and a mass
ms = 6.13 x 10713 kg. The big particles have a diameter
d, = 11.36 um, and a mass my = 8.03 x 10~ kg. The
charge are set to Qs = 7280 e and @, = 11200 e and the
screening length is A = 400 pm, deduced from the mea-
surement of phonon spectra in plasma crystals of these
two types of particles separately in experiments [47]. The
damping rates are calculated based on the Epstein for-
malism v, < Vgpd% (o = b,s), where we select yg, =
1.26 [48-50]. The rates are set to vs = 0.77s71 and
vy = 0.91s7! for small and big particles, respectively. The
small particles are levitated by 160 gm higher than the big
particles, according to the direct measurement in the ex-
periments [42]. For the point-wake model, we fix the verti-
cal distance of the point wake to the particle as 40 um and
the point-wake charge is 20% of the particle charge [27].

The resulting interaction in the horizontal direction
with the point-wake model is shown in fig. 2(a). As we can
see in the figure, the interaction between the same type of
particles is always repulsive. Due to the higher charge,
the repulsive force between big particles Fyy is larger than
that between small particles Fs;. However, the force act-
ing on a small particle by a big particle and its wake (Fjs)

35001-p2



Structure and dynamics of a glass-forming binary complex plasma etc.

point-wake Yukawa pure Yukawa

0.0051.0152.025
r/\ r/\

0.00.51.01.52.02.5

Fig. 2: (Color online) The force F between two particles
with (a) and without (b) considering the wake effect. The force
is normalized to a characteristic value of Fiy = Q:Qp/4meo)?.
A positive value means repulsive and a negative value means
attractive. The yellow horizontal dashed line marks the zero
force and the grey vertical dashed line highlights the screen-
ing length. Because the small and big particles are in different
layers, the forces in the pure Yukawa case are non-monotonic.

is larger than the force on a big particle by a small particle
and its wake (Fls,). Moreover, at very small distance, the
later shows an attractive force due to the presence of the
wake. In the point-wake model, the interaction is indeed
non-reciprocal. For comparison, we show the interaction
without considering the wake effect (only the F' ﬁ term in
eq. (2)) in fig. 2(b). The interaction is then reciprocal.

We select the kinetic temperature T and interparticle
distance a as control parameters. The temperature is de-
termined by measuring the velocities of individual parti-
cles in the xy plane, while the interparticle distance is
determined from the first peak in the pair correlation
function. We normalize the interparticle distance a to
the screening length, thus introducing the dimensionless
screening parameter:

K= (3)

Furthermore, we normalize the temperature T" by the char-
acteristic interaction potential of the big and small parti-
cles at a distance A, thus introducing an effective coupling
parameter I' for a binary system:

Qst

- Areg kT (4)

Time is normalized to the damping rate of small parti-
cle vg. To mitigate the influence of the initial condition, we
fix the spatial distribution of particles scaled to the desired
interparticle distance. For each pair of control parameters,
at least four different initial distributions are probed. It
turns out that the initial condition has marginal influence
on the relaxation and structural properties.

Results. — For a one-component complex plasma, par-
ticles form a plasma crystal at a certain temperature as k
decreases below a critical value. In binary mixtures crys-
tallization is prevented. The local structure of a complex

point-wake Yukawa pure Yukawa
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Fig. 3: (Color online) Dependence of averaged hexatic order
parameter ¥g on the number ratio of big particles x;, with (a)
and without (b) considering the wake effect. For the point-
wake model and Yukawa interaction, the selected I' is 1130
and 480, respectively.

plasma can be characterized by a time average of a local
transient hexatic order parameter ¥,

1 [t _ _
G=o [l and -
t/

a

1 i
) J60;, 5
LS, (5)

(2
m

where n; is the number of nearest neighbors of particle
i and ! is the angle between r,, — r; and the z-axis
projected in the zy plane. We select 7, = 10s for the
average. For a system composed of many particles, we
average 1§ over all the particles included in the system and
obtain a structure parameter Ug = >, & /N, where N is
the number of particles. Here W4 = 1 means a perfectly
ordered crystal with hexagonal structure, while ¥4 = 0
means random arrangement.

In fig. 3(a), we plot Ws wvs. composition of two parti-
cle species x, = ny/(ns + np) at T = 1130. For big
k (k> 4.0), Ug increases as the percentage of big particles
increases. This slow increase is caused by the increase of
the coupling parameters since the big particles have more
charges. However, for all these k and zy,, Wg is below 0.6.
The structure is quasi-random. As k further decreases to
3.4, a crystal structure emerges as the coupling increases.
For k = 2.6, the system shows an ordered structure. For
k = 1.9, 1.5, the system exhibits ordered structure as ei-
ther species dominates regardless of the coupling strength.
However, for the two types of particles with similar por-
tions, the crystalline order is suppressed. The minimum
of W is close to xp ~ 0.6. For simplicity, we use a binary
mixture with z; = 0.5 for the study in the sequel.

For comparison, we test the dependence of the order pa-
rameter on the composition without considering the wake
effect. At I' = 1130, the system has an ordered struc-
ture regardless of the ratio for all the selected k. A similar
trend emerges if we increase the kinetic temperature so
that I' = 480, as we show in fig. 3(b). For small s, the
crystal structure is suppressed as zj ~ 0.6.

We show the spatial distribution of g at different x in
fig. 4. As one can see, at I' = 1130 small and big particles
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Fig. 4: (Color online) Snapshots of particle positions in the g2D
binary complex plasma with point-wake Yukawa interaction
at I' = 1130. Big particles have a black outlines while the
small particles have a grey outlines. The filled color coded
from yellow to red shows the V¢ from 0 to 1 The white bar
shows ten inter-particle distances.

are homogeneously distributed in the area. For small k,
the local structure of most particles is random though one
can see clusters of hexagonal structure (yellow blobs). The
size of the such cluster increases as x increases until the
majority particle are arranged in a hexagonal structure.
However, as the coupling further decreases, particles start
to arrange randomly again, as shown in fig. 4(d). This
trend agrees with fig. 3(a) for x;, = 0.5.

We plot the averaged hexatic order parameter Wq in the
(T", k)-space to gain a general picture, as shown in fig. 5(a).
As the system cools down, the fast motion of particles de-
creases and the order starts to build up. As we can see
in the figure, the lower the temperature is, the more or-
dered the particles are. For small k, the structure does
not change much for low temperature but hexagonal order
builds up as temperature decreases in the “hot” regime.
For big k, temperature of this fast changing regime is sub-
stantially lower. Note that for a certain temperature, the
change of the structure is not monotonic against x. There
is only a window of x in which the system forms a hexag-
onal ordered structure.

Again we plot Wg in the (T, x)-space for a Yukawa sys-
tem without considering the wake in fig. 5(b). For the
same pair of I and k, ¥4 has a higher value, representing
ordered structure. This is caused by the higher coupling
if the wake is absent. However, the hexagonal structure
is formed in a larger parameter window in the diagram.
This shows that for the reciprocal and non-reciprocal sys-
tem, the formation of ordered structure has a qualitatively
similar trend in the parameter range of interest in a binary
complex plasma.

point-wake Yukawa pure Yukawa

104
—
103
2 3 4 5 2 3 4 5

K Y
 m— — I
0 0.25 0.5 0.75 1

Fig. 5: (Color online) The averaged hexatic order parameter
U¢ in the (I', k)-plane, for a binary complex plasma with (a)
and without (b) considering the wake effect.

The structural relaxation is generally quantified by the
density-density correlation function in g-space, F(q,t),
which is the Fourier-transformation of the van Hove cor-
relation function [51], commonly referred to as the inter-
mediate scattering function (ISF). For practical purposes,
it is convenient to use the self-part of ISF to describe the
evolution of single-particle correlations

N
Fq,t)=N"" <Z exp{—iq - [r;(t +to) — ri(to)]}> ,
1 (6)

where r;(¢) is the position of the particle ¢ at the moment
t, and (...) denotes the canonical average (over ). q is
the wave number and we select |q| = w/a [52-57]. As a
glass former, the system keeps evolving due to effects such
as aging, which is beyond the scope of this paper. In this
paper, we focus on structural relaxation of the system in
the slow transient state. Nevertheless, for the time frame
of 100s, there is no observable time dependence of the
ISF and thus we average the F within this time frame to
obtain a smooth relaxation curve.

A stretched-exponential (Kohlrausch) law [51,53,58-61],

F(q,t) = A(q) exp{—[t/7(¢)]* "}, (7)

usually provides a good fit for the long-time asymptotics
of the ISF, the so-called alpha-relaxation. The law is de-
termined by three parameters: the amplitude factor A(q),
the timescale of the alpha-relaxation 7(¢) (which is also
normalized to the damping rate vg), and the stretching
exponent 3(gq) < 1. Selecting a time domain appropri-
ate for the fit is generally not an easy task [53,59,62,63]
— an overlap with the transient beta-relaxation should
be avoided, which imposes the lower time limit for
the fit.

In fig. 6(a) we plot the ISF of a system with wake-
point Yukawa interaction for different I' ranging from 340
to 3400 at x = 2.6. For I' = 3400, F shows a small
drop at tvs =~ 0.6, representing the beta-relaxation. It
then reaches a plateau without significant drop within the
time of numerical experiment. As temperature increases,
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Fig. 6: (Color online) Intermediate scattering function (ISF) for varying temperature at x = 2.6 (a) and for varying x at
I' = 1700 (b) in a g2D binary complex plasma. The wave number ¢ is set equal to w/a. For selected s, the relation between
the fitted 7 and T is plotted in (c). The ISFs are fitted by Kohlrausch law, the lower panel shows the fitting parameter A (d),

B (e), and 7 (f) in the (I, k) plane.

one can see clearly the long-time alpha-relaxation, sepa-
rated by the plateau from the beta-relaxation. For very
high temperature (I' = 340), the plateau disappears and
two steps of relaxation start to merge. To complement
fig. 6(a), we fix a kinetic temperature (I' = 1700) and plot
the ISFs for various  in fig. 6(b). Similarly, we see the
plateau between alpha- and beta-relaxation for small &,
which vanishes for big .

It is instructive to look into the relation between 7
and I'. As we see in fig. 6(c), for all k, Tv; first increases
slowly with I' and the increase becomes steep. For small
temperature, this increase becomes slow again.

The Kohlrausch amplitude A, the characteristic relax-
ation time 7, and the stretching exponents 3 are plotted
in the (T, k)-space in fig. 6(d)—(f), respectively. As we
can see, the relaxation time decreases dramatically with
interpaticle distance and kinetic temperature. A decreases
from 1 to 0.7 as k increases from 2 to 5 and I' decreases
from 30000 to 300. The stretching exponents show a sim-
ilar trend.

Conclusion. — Using computer simulations we have
explored the glass transition in a binary model appropri-
ate for a binary dusty plasma sheet with non-reciprocal
interactions induced by the presence of a wake charge. As
a reference, we have computed also the corresponding be-
havior of a Yukawa system without wake charge with re-
ciprocal interactions. Non-reciprocal interactions shift the
location where the dynamics is slowing down significantly
but do not change the qualitative signature of the glass
transition. This is interesting as a prior: one could have
expected that the local heating induced by non-reciprocity
had led to a different dynamical crossover. For the future
it would be interesting to establish a connection between
our kind of non-reciprocity and that occurring in active

systems where jamming and vitrification has also been re-
cently found [64-68].
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