Dynamics of spinning particle pairs in a single-layer complex plasma crystal
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Spontaneous formation of spinning pairs of particles, or torsions was studied in a single-layer
complex plasma crystal by reducing the discharge power at constant neutral gas pressure. At higher
gas pressures, torsions spontaneously formed below a certain power threshold. Further reduction of
the discharge power led to the formation of multiple torsions. However, at lower gas pressures the
torsion formation was preceded by the mode-coupling instability (MCI). The crystal dynamics were
studied with the help of the fluctuation spectra of crystal particles’ in-plane velocities. Surprisingly,
the spectra of the crystal with torsions and MCI are rather similar and contain “hot spots” at
similar locations on the (k,w) plane, despite very different appearances of the respective particle
trajectories. The torsion rotation speed was close (slightly below) to the maximum frequency of the
in-plane compressional mode. When multiple torsions formed, their rotation speeds were distributed
in a narrow range slightly below the maximum frequency.

PACS numbers: 52.27.Lw, 52.27.Gr

Introduction. — A complex plasma is a suspension of
charged microparticles in a weakly ionized gas [1]. If
the interaction between particles is strong enough, they
can self-organize into ordered structures, e.g., plasma
crystals. In the presence of gravity, monodisperse mi-
croparticles can form single-layer, or two-dimensional
(2D) plasma crystals. They are popular model systems
to study various phenomena such as waves [2-5], phase
transitions [6-8], and transport phenomena [9-13], in real
time and at the level of individual particles. However,
care should be taken to clearly separate the generic and
plasma-related phenomena which are peculiar to plasma
crystals [14]. The latter may be, e.g., mode-coupling
instability (MCI) [15-18], channeling of upstream extra
particles [19], or particle pairing [20, 21]. Vertical pairs of
particles can form in a single-layer plasma crystal sponta-
neously [20] or after a sudden drop of the neutral gas pres-
sure [21]. Pairs of particles which were spinning around
their axis were recently observed in Ref. [22]. Such spin-
ning pairs, or torsions can form in a single-layer complex
plasma crystal if the vertical confinement becomes suf-
ficiently weak. A theoretical model of a spinning parti-
cle pair based on the plasma wake (ion focus) effect was
proposed in Ref. [22]. According to this model, torsions
are driven by the nonreciprocal interactions between dust
particles mediated by the plasma wakes. The energy in-
put is balanced by the neutral gas friction. Such spin-
ning pairs of particles are different from the instability
described in Refs. [23, 24] in the following ways: (1) iso-
lated pairs of particles spontaneously appear in a single-
layer plasma crystal vs. instability in an aligned bilayer
of particles, (2) particle pairs perform coherent rotation
vs. random oscillations, (3) their appearance is triggered
by the reduction of the discharge power vs. instability
triggered by the reduction of the gas pressure.
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FIG. 1. Spinning pair of particles in a single-layer plasma
crystal. Left panel shows the top view, right panel the side
view. The particles spin around the vertical axis shown by
the dashed line. Notice that the lattice cell containing the
pair is enlarged by ~ 10%. 90 frames from the video are
superimposed, the resulting image is inverted and its bright-
ness and contrast adjusted. Experimental parameters were
the following: argon pressure pa, = 17.4 Pa, discharge power
Pys=T7W.

In the experiment of Ref. [22], microparticles were sus-
pended in argon plasma at the (relatively high) pressure
of 20.9 Pa. In this case, particle dynamics were strongly
damped due to friction created by the neutral gas, mak-
ing it impossible to measure the phonon spectra of the
plasma crystal.

In the present work, we systematically study torsion
formation using lower gas pressures down to 12 Pa, in
order to better reveal the accompanying particle dynam-
ics.

Ezxperimental method. — The experiments were per-
formed in CASPER’s modified Gaseous Electronics Con-
ference (GEC) rf reference cell [22, 25]. Plasma was
produced by a capacitively coupled rf discharge in ar-
gon. The lower disk-shaped electrode was rf-powered; a
grounded ring-shaped electrode above it and the cham-
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FIG. 2. Mode-coupling instability in a single-layer plasma
crystal. Left panel shows the top view, right panel the side
view. 90 frames from the video are superimposed, the result-
ing image is inverted and its brightness and contrast adjusted.
Experimental parameters were the following: argon pressure
par = 12 Pa, discharge power Py = 15 W.

ber walls served as the other electrode. Melamine-
formaldehyde microspheres with a diameter of 8.9 +
0.09 pum were suspended as a single layer in the plasma
sheath above the lower rf elecrode. The plasma crystal
was “purified” using the standard procedure [19]. The
argon pressure pa, was then set to either 19.3, 17.4, or
12 Pa and the forward discharge power P,; was stepwise
reduced from 40 to 1 W. This resulted in a weakening
of the vertical confinement for the particles, see, e.g.,
Ref. [16], and eventual departure from the single-layer
structure particle suspension. The same particle suspen-
sion was used for all combinations of pa, and Pys.

In each experimental run, top-view and side-view video
of the particle suspension were recorded. Two Photron
FASTCAM PCI 1024 cameras with K-2 Infinity lenses
(with a focal length of about 30 cm) operating at 125
frames per second were used for recording. A StingRay
100 mW red laser was used for illuminating the layer
of particles. Another laser (with a maximum power of
80 mW and wavelength of 640 nm) was used to illuminate
a vertical slice of the particle suspension for the side view.
We selected the vertical slice that contained the feature
of interest, e.g., a torsion [26].

Particle coordinates and velocities were then calculated
in each frame using a moment method [27]. Particle
velocity power spectra VZ(k, f) (fluctuation spectra for
longitudinal mode) were calculated using the following
method [2]. First, a uniform square portion of the plasma
crystal sized 9.34 x 9.34 mm? and containing the feature
of interest (e.g., a torsion) was chosen and its orientation
was determined from its static structure factor. Second,
the wave propagation direction 8§ = 0° was chosen. (This
corresponds to the angle of 30° between the wave vector
k and the direction to a nearest neighbor). Third, the
particle velocity component parallel to k was spatially
averaged within 128 rectangular bins elongated orthogo-
nally to k. Fourth, the Fourier transform of the averaged
particle velocity was then computed in the space and
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FIG. 3. Fluctuation spectra of the particles’ in-plane veloci-
ties within a crystal (longitudinal mode). Spectral intensity is
color-coded as indicated, except for panels (d) and (f), where
the scale is from —6.2 to —3.6 and from —5.4 to —2.8, re-
spectively. The wave propagation direction was 0 = 0° (see
the text for more details). The wave number k is normalized
by the inverse interparticle spacing A~'. The neutral gas
pressure was 19.3 Pa (upper row), 17.4 Pa (middle row), and
12 Pa (lower row). The left column is for the undisturbed
crystal, the right column for the crystal with a single torsion
(upper and middle row) or MCI (lower row). The discharge
power P was as follows: (a) 7 W, (b) 4 W, (c) 20 W, (d)
7TW, (e) 20 W, (f) 15 W.

time domains, to arrive at the velocity power spectrum
V2(k, f).

Results and discussion. — In the experimental runs em-
ploying argon pressures of pa, = 19.3 Pa and 17.4 Pa, tor-
sions appeared at discharge powers as low as P,y =4 W
and 7 W, respectively. As in Ref. [22], they were coupled
pairs of apparently identical particles, oriented vertically
and spun around their axis, see Fig. 1. The particle tra-
jectories in a torsion are represented by a characteristic
circle in the top view (left panel, center) and two parallel
stripes in the side view (right panel, center). Reduc-
ing Pyt even further resulted in more torsions joining the
plasma crystal. Not all of them were performing clear
circular motion. Some particles’ orbits were ellipses with
different degrees of elongation up to almost linear oscil-
lations. A spinning pair could switch between different
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FIG. 4. Fluctuation spectrum of the particle velocity (com-
pressional in-plane mode) integrated over the “hot-spot” fre-
quency in the range of 20.6 < |f| < 23.6 Hz and shown as a
function of (kz,ky). The wave number is normalized by the
inverse interparticle spacing A~'. The experimental parame-
ters were as in Figs. 2 and 3(f).

regimes throughout its lifetime.

However, in the experimental run with ps, = 12 Pa,
the torsion formation was preceded by the onset of the
mode-coupling instability at P = 15 W, see Fig. 2. Un-
like in a torsion, many particles were involved in the MCI,
since it is a collective effect. Here, the particle trajecto-
ries apparently have a circular shape in the vertical plane,
as seen in the side view (right panel) [28]. Other MCI fin-
gerprints, such as synchronization of the particle motion
[29], were also observed. Further reduction of Py led to
eventual MCl-induced crystal melting. We note that in
this experiment, MCI was observed at the highest neutral
gas pressure so far.

Therefore, vertical pair formation and MCI are two
competing scenarios for the crystal response to weakening
vertical confinement. The neutral gas pressure seems to
be a key factor in determining which process takes place
first. These two cases are easily distinguished by the very
different particle trajectories involved, compare Figs. 1
and 2.

Once formed, a torsion becomes a source of distur-
bance in the plasma crystal. Through interaction with
its neighbors, it redistributes a part of the energy which it
receives from the flowing ions, to the surrounding lattice.

To study the effect of torsions on plasma crystal dy-
namics, we used fluctuation spectra of the particles’ in-
plane velocities within the crystal. These are very sen-
sitive to crystal parameters and details of the particle
dynamics. In particular, the effect of MCI on the crystal
spectra is well understood [16-18].

Amazingly, the spectra produced within a crystal by
torsions and MCI have much in common and contain “hot
spots” at similar locations on the (k, f) plane [compare
panels (b),(d) and (f) in Fig. 3], despite very different
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FIG. 5. “Hot-spot” frequency fis as a function of the dis-

charge power Py, for two different pressures of argon (up
triangles are for par = 17.4 Pa, down triangles for 19.3 Pa).
Theoretically calculated (for par = 17.4 Pa) maximum fre-
quency of the in-plane compressional mode fmax is shown by
open squares and the lattice Einstein frequency (27) ‘wg by
solid squares. Where a single torsion was present, its rotation
speed is shown by an open circle.

particle trajectories [compare Figs. 1 and 2]. This obser-
vation shows that torsions and MCI develop on the same
spatial and temporal scales implying that deeper similar-
ities between their governing mechanisms may also exist.
To reveal the angular dependence of the particle velocity
spectra, we used the method of Ref. [17] and plotted the
spectra integrated over the “hot-spot” frequency as func-
tions of (ks, ky). The (kg, k) map for a crystal with MCI
reveals a circular feature characteristic of the deep mode
crossing [17], see Fig. 4. This probably explains why
MCIT developed at the relatively high pressure of 12 Pa.
We note that the MCI-induced hot spots in the crystal
spectra such as Fig. 3(f) are a signature of the emergent
unstable hybrid mode at the intersection of the out-of-
plane and in-plane compressional crystal modes [17].

The frequency fns of the hot spots produced in the
crystal spectrum by a torsion, see Figs. 3(b),(d), is closely
related to the torsion rotation speed. We verified this by
directly counting the number of turns a torsion makes
per second in the original experimental video. fns was
measured by performing Gaussian fits of the peaks in the
spectra averaged over the range of ka = 1.5 — 2.5. The
standard deviations of the fits are taken as error bars.

Upon further reduction of the discharge power at pa, =
19.3 Pa and 17.4 Pa, multiple torsions appeared in the
lattice. The crystal’s fluctuation spectra, however, did
not qualitatively change and remained similar to those
in Figs. 3(b),(d). The hot-spot frequency fis decreased
as P was reduced, as shown in Fig. 5. fus turns out
to be somewhat smaller than the maximum frequency of
the in-plane compressional mode f,ax yet larger than the
lattice Einstein frequency (27) wg [30].

At the lowest discharge power used, Py 2 1 W, almost
all particles were arranged into vertical pairs. The am-
plitude of the particle displacements became small and
it was no longer possible to reliably detect whether they
were spinning or randomly oscillating. Multiple particle
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FIG. 6. Mean interparticle spacing A (a), screening param-
eter k = A/X (b), and particle charge number Z (c) as
functions of the discharge power P¢. Open symbols indi-
cate undisturbed crystal, solid symbols indicate crystal with
torsions. The pressure of argon was par = 17.4 Pa, except for
down triangles in (a), which correspond to par = 19.3 Pa.

pairs formed a kind of disordered bilayer resembling the
“pair state” reported in Ref. [33].

To shed light on the torsion formation mechanism, we
studied how the main crystal parameters: mean inter-
particle spacing A, screening parameter k = A/ (where
A is the screening length), and particle charge number
Z, varied with discharge power. A was calculated as the
position of the first peak in the pair correlation function
for particles g(r). Z and k were calculated using the
standard method based on fitting the experimental fluc-
tuation spectra of the particle velocities to the theoretical
dispersion relations [31]. The results are shown in Fig. 6.
At first glance, they seem to be rather counterintuitive:
The torsions form when the mean interparticle spacing
becomes large enough, see Fig. 6(a). At the same time, &
becomes smaller, see Fig. 6(b). As a result, the screening
length A = A/k grows even faster than A, when reduc-
ing P;¢. This trend is consistent with the basic scalings:
A o< n;l/ 2 and n; < Py [34], where n; is the plasma den-
sity. The particle charge does not vary much with Py,
see Fig. 6(c).

We interpret these findings in the following way. Par-
ticle pairs form when the screening length of the screened
Coulomb (Yukawa) interparticle interaction exceeds a
threshold, i.e., when the interparticle interaction becomes
sufficiently weakly screened. That allows more distant
neighbors of a particle to exert a force on it. Therefore,

the interaction of a particle with neighbors other than
nearest, is probably essential for triggering the particle
pairing. It is interesting to note that for lower gas pres-
sures, the plasma crystal remains stable (neither parti-
cle pairing nor MCI develop) for larger screening lengths
(smaller k). An open question is whether a “phase di-
agram” exists which delineates the regimes of a stable
crystal, particle pairing, and MCI on the (k,vg) plane,
where vg is the neutral gas damping rate.

Finally, we note that a plasma crystal which contains
multiple torsions in it is an interesting instance of a sys-
tem of coupled rotators. As we showed in the present
work, multiple torsions have rotation speeds that are dis-
tributed in a narrow range. Future work may include
finding out whether there is phase synchronization be-
tween them [35].
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