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A two-dimensional complex plasma containing active Janus particles was studied experimentally. A single
layer of micron-size plastic microspheres was suspended in the plasma sheath of a radio-frequency discharge in
argon at low pressure. The particle sample used was a mixture of regular particles and Janus particles, which
were coated on one side with a thin layer of platinum. Unlike a suspension consisting of regular particles only,
the suspension with inclusion of Janus particles did not form an ordered lattice in the experimental conditions
used. Instead, the particles moved around with high kinetic energy in a disordered suspension. Unexpectedly,
the mean kinetic energy of the particles declined as the illumination laser power was increased. This is
explained by the competition of two driving forces, the photophoretic force and the oppositely directed ion
drag force. The mean-squared displacement of the particles scaled as tα with α = 2 at small times t indicating
ballistic motion and α = 0.56±0.27 at longer times due to the combined effect of the Janus particle propensity
to move in circular trajectories and external confinement.

PACS numbers: 52.27.Lw, 52.27.Gr

I. INTRODUCTION

A complex, or dusty plasma is a suspension of nanome-
ter to micrometer size particles of solid matter in a gas-
discharge plasma1. The particles become charged due
to the collection of electrons and ions from plasma and
through their interaction and external confinement self-
organize into liquid-like or solid-like structures. Complex
plasmas are excellent model systems which allow study-
ing of various plasma-specific and generic phenomena at
the level of individual particles. Their advantages in-
clude the possibility of directly and relatively easily ob-
serving virtually undamped dynamics of the particles in
real time. Due to the low neutral gas damping rate, the
particle inertia becomes important, which distinguishes
complex plasmas from such model systems as colloidal
suspensions1. Complex plasmas were successfully used
to study transport phenomena2–6, phase transitions7–9,
as well as waves and instabilities10–14.
Recently, the scope of complex plasmas as model sys-

tems was extended to include active matter systems. Ac-
tive matter is a collection of active particles, each of
which can extract energy from their environment and
convert it into directed motion, thereby driving the whole
system far from equilibrium15,16. Active matter has some
intriguing physical properties and potentially a number
of applications in catalysis, chemical sensing, and health
care. Recent research trends in the field of active mat-
ter include systems consisting of active particles with
inertia17,18 and mixtures of active and regular (passive)
particles19. Complex plasmas are ideally suited for ex-
periments in both of these subfields.

a)Electronic mail: V.Nosenko@dlr.de

A particle in a complex plasma can become active, that
is achieve self-propulsion, via several mechanisms. First,
nonreciprocal interparticle interaction due to the plasma
wake effect20–22 can under certain conditions lead to
the particle self-propulsion. Examples include channel-
ing particles23 and spinning particle pairs (“torsions”)24.
Second, a particle can be driven by a phoretic force, e.g.,
the photophoretic force from the illumination laser25,26.
Third, in extreme cases a particle can be propelled by
the “rocket force” due to the ablation and removal of the
particle material by a powerful laser irradiation27,28. It
was recently shown that polymer microspheres coated on
one side with a thin layer of platinum (the so-called Janus
particles (JP)16,29) become active when suspended in a
radio-frequency (rf) argon plasma30. The emphasis was
on the behaviour of single JPs, which were shown to be
circle swimmers moving along characteristic looped tra-
jectories. In Ref.31, single polymer microparticles par-
tially coated with iron and suspended in an rf argon
plasma were shown to move along complex jerky trajec-
tories.

In this paper, we experimentally study a single-
layer complex plasma composed of a mixture of regu-
lar melamine formaldehyde (MF) microspheres and ac-
tive Janus particles similar to those used in Ref.30. We
find stark differences with a similar single layer consist-
ing only of regular MF microspheres in the way of the its
structure and dynamics.

II. EXPERIMENTAL METHOD

The experiments described in this paper were carried
out in a modified Gaseous Electronics Conference (GEC)
radio-frequency (rf) reference cell32. Plasma was pro-
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duced by a capacitively coupled rf discharge in argon at
13.56 MHz. The gas pressure was pAr = 1.66 Pa, the rf
discharge power was Prf = 20 W33.

The particle sample used in our experiments was a
mixture of regular melamine formaldehyde (MF) micro-
spheres and active Janus particles. It was prepared using
the method described in Ref.30. MF microspheres34 with
a diameter of 9.19 ± 0.09 µm and mass 6.14 × 10−13 kg
were dispersed in isopropanol. A drop of the suspension
was placed on a Si wafer and allowed to dry up. Unlike
in Ref.30, where the particles formed a monolayer on the
wafer surface, here the amount of particles was larger and
they formed a thicker layer. The wafer with particles was
then placed in a sputter deposition machine and coated
with a ≈ 10 nm layer of platinum. Only the particles in
the upper layer received the coating (on one side). Given
this deposition technique, only a small fraction of all par-
ticles (a few percent) received metal coating resulting in
their conversion into Janus particles. All particles were
then separated from the wafer by a sharp blade.

The particles were injected into the plasma from a
manual dispenser mounted in the upper flange. They
were suspended in the plasma sheath above the lower
rf electrode, where they formed a single layer. After
injection, the particle suspension was cleaned using a
standard procedure35, where the discharge power was
gradually reduced until larger particles and agglomera-
tions of particles fell down to the rf electrode; the dis-
charge power was then restored. The neutral-gas damp-
ing rate for the particles (which has the physical meaning
of the collision frequency of the neutral gas atoms with
particles) was calculated using the Epstein expression36

γ = δNgmgvg(ρprp)
−1, where Ng, mg, and vg are the

number density, mass, and mean thermal speed of gas
atoms and ρp, rp are the mass density and radius of the
particles, respectively. With leading coefficient δ = 1.39
for the diffuse reflection of gas atoms from the particle,
this gave γ = 2.12 s−1.

The particles were illuminated by a horizontal laser
sheet which had a Gaussian profile in the vertical direc-
tion with a standard deviation σ ≃ 75 µm (corresponding
to a full width at half maximum of 175 µm)14. The illu-
mination laser had the wavelength λ = 660 nm and vari-
able output power of up to 100 mW. The particles were
imaged from above using the Photron FASTCAM mini
WX100 camera equipped with the Nikon Micro-Nikkor
105-mm lens fitted with a matched bandpass interference
filter. This 4-Megapixel, monochrome, 12-bits per pixel
camera has onboard memory of 16 GB, which allowed
recording of up to 2726 frames. The camera frame rate
was set to 125 frames per second, resulting in the max-
imum recording duration of 21.8 s. Experimental data
were analysed in the following way. In each frame, the
particle coordinates were calculated with subpixel resolu-
tion using a moment method37. Then individual particles
were traced from frame to frame and their velocities were
calculated from their displacements between frames.
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FIG. 1. Trajectories of (a) regular MF and (b) mixed Janus
particles suspended as a single layer in rf plasma sheath, dur-
ing 0.36 s (time is color-coded from purple to red). Panels (c)
and (d) show respective pair correlation functions g(r). The
argon pressure was pAr = 1.66 Pa, the rf discharge power was
Prf = 20 W, the illumination laser power was Plaser = 14 mW.
The data were recorded after injecting the particles and clean-
ing the suspension.

III. RESULTS AND DISCUSSION

As expected, the regular MF particles formed a two-
dimensional triangular lattice (plasma crystal) in our ex-
perimental conditions (argon pressure pAr = 1.66 Pa, rf
discharge power Prf = 20 W), see Fig. 1(a). The lattice
consisted of ≈ 1900 particles and was highly ordered,
as evidenced by the pair correlation function for parti-
cles g(r) with the high first and split second peaks, see
Fig. 1(c). The lattice contained, however, a few ener-
getic particles that locally disturbed it, which is simi-
lar to previous experiments, e.g. Refs.25,38. These were
most probably particles with slightly different sizes or
irregular shapes, possibly damaged particles (called “ab-
normal” particles in Ref.25). They moved intermittently
with high kinetic energy38, their trajectories were often
irregular25. They transferred a part of their kinetic en-
ergy to the neighboring particles via collisions. There
were up to 10 such “active centers” in the plasma crys-
tal, which were distributed non-homogeneously (proba-
bly, due to the electric field inhomogeneity). Otherwise,
the lattice was stable, in particular with respect to the
mode-coupling instability (MCI)14.
On the contrary, the suspension of mixed Janus par-

ticles did not crystallize. Instead, the particles ener-
getically moved around colliding with each other, see
Fig. 1(b). This is similar to the experiment of Ref.30,
where Janus particles moved around in characteristic
curly trajectories and did not form an ordered lattice.
The pair correlation function for mixed Janus particles
g(r), see Fig. 1(d), indicates a highly disordered (gas-
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FIG. 2. (a) Mean-squared displacement MSD(t) of the mixed
Janus particles (upper curves) and regular MF particles (lower
curves). (b),(c) Dynamical exponent α for the mixed Janus
particles and regular MF particles, respectively. The left
(right) error bars are for t < 2 s (t > 2 s). The illumina-
tion laser power was Plaser = 14 mW (blue down triangles and
lines), 76 mW (green circles and lines), and 99 mW (red up tri-
angles and lines). The inertial delay time τm = γ−1 is shown
by vertical arrows. The argon pressure was pAr = 1.66 Pa,
the rf discharge power was Prf = 20 W.

like) state. These observations suggest that there must
be some kind of energy input or external drive on the
Janus particles. In Ref.30, it was found that the indi-
vidual Janus particles behave as circle swimmers when
illuminated by a laser. The driving force on the Janus
particles was identified as the photophoretic force caused

by the illumination laser. In our experiment, the mix-
ture of active Janus particles and passive MF particles
appears rather homogeneous. The energy influx into the
particle system due to the activity of Janus particles is ef-
fectively redistributed to the passive MF particles due to
the interparticle interactions. Therefore, distinguishing
between the two particle sorts is not straightforward.
To characterize the apparently random particle mo-

tion, we used their mean-squared displacement,

MSD(t) = 〈|ri(t)− ri(t0)|
2〉, (1)

where ri(t) is the position of the i-th particle at time t.
The brackets denote the average over 10 different times
t0 separated by 0.4 s (i.e., ≃ γ−1) and over all parti-
cles. The MSD(t) was measured for the whole particle
suspension, which in the case of regular MF particles
included ordered crystalline domains and also energetic
particles. The MSD(t) of the mixed Janus particles as
well as regular MF particles are shown in Fig. 2(a). The
mean-squared displacement of the mixed Janus particles
scales as MSD(t) ∝ tα with α = 2 at small times t ≪ γ−1

indicating ballistic motion. Here, the particle inertia is
important due to the low gas damping rate. At later
times, the dynamical exponent defined as39,40

α(t) =
d ln(MSD(t))

d ln(t)
(2)

declines, finally reaching the value of ≈ 0.56, see
Fig. 2(b). (α was further smoothed using Stineman func-
tion, the error bars were calculated as the r.m.s. residuals
of the respective fits.) We ascribe this to the combined
effect of the Janus particle propensity to move in circu-
lar trajectories and external confinement. Note that no
superballistic regime (α > 2) was observed.
The dynamical exponent α(t) for the regular MF par-

ticles is shown in Fig. 2(c). It starts from a value below
2, reaches ≃ 2, and then declines. At later times, α(t)
depends strongly on the illumination laser power Plaser,
varying from ≃ 2 for the lowest Plaser to ≃ 1 for the
highest Plaser. This behavior is due to the intermittent
effect of the energetic particles. Since the energetic par-
ticles have much higher velocities than the particles in
the crystalline areas, the MSD of the whole particle sus-
pension is dominated by a few energetic particles and
their immediate neighbors. Since the effect of the en-
ergetic particles is intermittent, the observed trends in
MSD cannot be reliably extrapolated to longer times.
To compare our results with theory and computer sim-

ulations, we note that our experimental system is an en-
semble of regular (passive) particles with an addition of
small amount of active Langevin particles (self-propelled
particles with inertia17,18,41) placed in a weak horizontal
and strong vertical confinement (this situation is known
as active doping16). The particles are thus confined to a
plane with little out-of-plane motion (resulting in a quasi-
2D system), but with 3D rotations. They interact with
each other via a screened-Coulomb potential which is ap-
proximated reasonably well by the Yukawa potential42.
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The simplest model of active particles with inertia is
the active Ornstein-Uhlenbeck model18,43. For a sin-
gle active particle in a harmonic confinement it pre-
dicts that in general case the dynamical exponent in
MSD takes on the following values as time progresses43:
α(t) = 2, 4, 3, 1, 0. In our single-layer system of mixed
Janus particles, α(t) declined from 2 at small times to
≈ 0.56 at the maximum recorded time of 17.8 s, see
Fig. 2(b). The apparent lack of superballistic regime
(α > 2) is probably explained by the small value of
the dimensionless particle mass m̃ = τm/τ = (γτ)−1

in the present experimental conditions, due to the rel-
atively large activity persistence time τ , see Fig. 3(a) in
Ref.43. At later times, α(t) showed signs of stabilization
around the value of ≈ 0.56, see Fig. 2(b). Ref.43 pre-
dicted an oscillatory regime at later times, where a par-
ticle would oscillate in the harmonic confinement; this
regime is characterized by constant MSD and α = 0. In
the present experiments, the oscillatory regime was prob-
ably suppressed by the collisions between particles, which
interrupted the particle oscillations.

Crowded environment situation16 provides the oppo-
site limiting case for our experimental system. It is
instructive to compare our results to the 2D random
Lorentz gas model, where active particles move ballisti-
cally or diffuse through a random lattice of fixed repelling
obstacles. This model provides an idealized description
of dynamical systems consisting of two sorts of particles,
one fast and the other slow. In Ref.44, the dynamics of
self-propelled colloidal rollers placed on a flat substrate
with randomly distributed stationary repelling microp-
osts was studied experimentally. The colloidal rollers
were 4.8-µm diameter polystyrene beads immersed in
hexadecane and made motile by Quincke electrorotation,
the microposts were produced by conventional UV lithog-
raphy. Subdiffusive motion of particles was observed at
later times and the dynamical exponent α declined with
increasing density of the obstacles down to the values
α ≈ 0 indicating a localization transition. In Ref.45, a
molecular-dynamics simulation of the equimolar binary
mixture of purely repulsive soft-interacting spheres with
the size ratio of 0.35 and equal masses was performed.
Smaller particles were observed to diffuse faster than
the larger ones; they showed subdiffusive motion with
long-time α = 0.2–1 and a localization transition at a
higher density. In the present experiment, we observed
subdiffusive motion of the mixed Janus particles with
α = 0.56 ± 0.27, but no localization transition. We as-
cribe this behaviour to the Janus particle propensity to
move in circular trajectories30 and to their external con-
finement.

The magnitude of MSD(t) of the mixed Janus particles
is 1− 2 orders of magnitude larger than that of the reg-
ular MF particles, which indicates larger displacements
and larger average speeds of the Janus particles, appar-
ently due to their activity. For the regular MF particles,
the magnitude of MSD(t) gets larger for higher illumina-
tion laser power. Unexpectedly, for the Janus particles
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FIG. 3. Mean kinetic energy 〈Ek〉 of (a) mixed Janus particles
and (b) regular MF particles as a function of the illumination
laser power measured at three different times: (blue squares)
after injecting the particles and cleaning the suspension, (pur-
ple circles) after a waiting time of 40 min, (green diamonds)
after a waiting time of 180 min. The power-law fits are shown
to highlight the trends.

the dependence is opposite: the MSD(t) magnitude gets
smaller for higher laser power. We will address this find-
ing in more detail below.

To clarify the effect of the illumination laser power on
the particle motion, we measured the mean kinetic energy
of the particles 〈Ek〉 (averaged between all particles in the
suspension) as a function of the illumination laser power
at three different times: after injecting the particles and
cleaning the suspension, after a waiting time of 40 min,
and after a waiting time of 180 min. The results are
shown in Fig. 3. The mean kinetic energy 〈Ek〉 of mixed
Janus particles indeed decreases when the laser power is
increased at all measurement times, see Fig. 3(a). On the
other hand, 〈Ek〉 increases for longer waiting times. The
mean kinetic energy of the regular MF particles increases
with the laser power for the waiting times of 0 min and
40 min, see Fig. 3(b). The increase of 〈Ek〉 is due to the
increased total area of “active centers”. In the crystalline
and active areas themselves, the 〈Ek〉 does not in fact
depend much on the laser power. For the longest waiting
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time of 180 min, however, 〈Ek〉 decreases when the laser
power is increased, see Fig. 3(b).

The observed dependence of 〈Ek〉 on the illumina-
tion laser power can be explained in the following way.
Two oppositely directed driving forces act on a Janus
particle30: asymmetric ion drag force Fi and the pho-
tophoretic force Fph. The ion drag force arises due to
the momentum transfer from the ion flow in the vicin-
ity of the particle and includes the collection and or-
bital parts46,47. We speculate that it is asymmetric for
a Janus particle due to different electric properties of its
Pt-coated and uncoated halves. Here, the component of
Fi parallel to the Janus particle axis of symmetry is con-
sidered, which comes on top of the main part of Fi, which
is directed toward the rf electrode. The photophoretic
force acts on a nonuniform object immersed in a neutral
gas when their temperatures are not equal25,48,49. The
Pt-coated side of a Janus particle is expected to have a
higher temperature than the other side. Indeed, in the
experiments of Ref.28, MF particles with thin Pd coating
absorbed the laser radiation more effectively than regu-
lar MF particles. Based on the observed dependence of
〈Ek〉 on Plaser, we conjecture that Fi > Fph for the Janus
particles in the experimental conditions of the present
work. Therefore, when the laser power is increased and
Fph becomes larger, the net force declines. For the reg-
ular MF particles, the driving force reduces to the pho-
tophoretic force only50,51, leading to the weakly rising
dependence of 〈Ek〉 on the illumination laser power for
the waiting times of 0 min and 40 min, see Fig. 3(b).
For the longest waiting time of 180 min, however, the
dependence becomes falling similarly to the mixed Janus
particles. Whether the proposed model or some other
particle propulsion mechanism (e.g., preferential plasma
sputtering of one of the particle sides) is at work can be
verified in future experiments, for example by looking at
the scaling of the particle self-propulsion force with the
gas pressure, discharge power, and the particle size.

The temporal variation trend of 〈Ek〉 may be due to
the in-situ plasma deposition of a non-uniform patchy
metal film on the surface of suspended particles similar
to that observed in Ref.52. The acquired coating would
in fact produce an imperfect Janus particle52, leading to
the falling dependence of 〈Ek〉 on the illumination laser
power for the MF particles for the longest waiting time of
180 min. For both regular MF and mixed Janus particles,
〈Ek〉 increased for longer waiting times, presumably be-
cause all suspended particles received more in-situ metal
coating with time. Another reason of the gradually rising
〈Ek〉 may be continuing damaging of the particle surface
due to plasma sputtering.

To summarize, a system consisting of micron-size
melamine formaldehyde microspheres, some of which
were coated on one side with a thin layer of platinum
(Janus particles) and suspended as a single layer in an
rf argon plasma was studied experimentally. Due to self-
propulsion of the Janus particles the system became ac-
tive and did not form an ordered lattice, unlike a similar

system without inclusion of Janus particles in the same
experimental conditions. The mean kinetic energy of the
particles depended on the illumination laser power and
the time the particles spent suspended in plasma. The
dynamical exponent α of the particle mean-squared dis-
placement declined from α = 2 at small times indicating
ballistic motion to α = 0.56± 0.27 at longer times due to
the combined effect of the Janus particle propensity to
move in circular trajectories and external confinement.
No superballistic regime with α > 2 was observed. The
experimental findings can be explained by an interplay
between two oppositely directed driving forces acting on
a Janus particle, asymmetric ion drag force and the pho-
tophoretic force.
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