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Out-of-plane mode in 2D complex plasma crystals
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I ntroduction

In 2D complex plasmas, two in-plane wave modes can be sesikdim crystals, both modes
have an acoustic dispersion, one of them is longitudinaltteer is transverse. Since the strength
of the vertical confinement in such systems is finite, theeetisrd fundamental wave mode as-
sociated with the out-of- plane oscillations. Theory peceslthat this mode has a negative (or
inverse) optical dispersion [1]. In the presence of stroog Bf the ambient plasma the screen-
ing cloud around each charged particle becomes highly agtmunThese “plasma wakes”
play the role of an (external) “third body” in the interpaté interaction and hence make it
non-reciprocal. It affects dust-lattice (DL) modes andrssonance between DL wave modes

can trigger the mode-coupling instability which, in turanccause the crystal melting [1, 2].
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Figure 1: Sketch of the experimental set-up. Microparsieee confined above the rf electrode
and are illuminated with a horizontal laser sheet having asSian profile in the vertical direc-

tion. The monolayer is levitated well below the peak of theelantensity. Inset shows elemen-
tary cell of the hexagonal lattice and the frame of refererimesen in this paper, the orientation

of the wave vectok is measured in respect to thexis.

We used a capacitively coupled RF glow discharge at 13.56 itz 1). The argon pres-
surep was between 0.5 Pa and 1 Pa and the RF peak-to-peak voltageetwa=en 175 V and
310 V (which corresponds to a forward RF povebetween 5 W and 20 W). The self-bias
voltage was between60 V and—130 V. The plasma parameters in the bulk discharge were

electron temperatur® = 2.5 eV and electron densitye = 2 x 10° cm 3 at p =0.66 Pa and
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P=20 W. A 2D particle suspension was formed by levitating nmatee formaldehyde micro-
spheres in the sheath above the RF electrode. The partetkea Hiameter of 87+ 0.14 um

or 9.15+0.14 um. The diameter of the obtained crystalline structure wamiab0—60 mm,
depending on the number of injected particles. The mictapas were illuminated by a hori-
zontal laser sheet which had a Gaussian profile in the vediiegction with a standard deviation
o ~ 75 um. The sheet thickness was approximately constant acresghtble crystal. The par-
ticles were imaged through a window at the top of the chamipgex 6CD camera at a speed
of 250 frames per second. The horizontal coordinatasdy as well as velocity components
Vx andvy of individual particles were then extracted with sub-pisedolution in each frame.
An additional side-view camera was used to verify that oyreexnents were carried out with
a single layer of particles. In order to extract the vertasitionz and velocityv, of individ-
ual particles, we needed to employ a very different techaidine position of the laser sheet
intensity maximum was set about 1@0n above the levitation height and then the vertical
displacement was deduced from the relative variation osdagtered light intensity [3].

Results
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Figure 2: Fluctuation spectra of the naturally excited otatplane DL waves in a 2D crystal.
The fluctuation amplitude is color coded linearly, from dahke (102 a.u.) to dark red (1 a.u.),
revealing the optical dispersion of the mode. The result$ara pressure of 0.8 Pa and rf power
of 15 W with particles of 8.77um diameter. The wave vectdr pointed along the principal
lattice axesf = 0° (upper panel) an@ = 30° (lower panel) (see Fig. 1). The wave number is
normalized by the inverse lattice constant.

By performing the Fourier transform in time and space of teeednined particle velocities,
the dispersion relation§(k) (both in-plane and out-of-plane) can then be obtained foDa 2
crystal. The resulting fluctuation spectra of the out-afra waves are shown in Fig. 2 for two
principal orientations of the wave vector, @t= 0° and 30. The spectra represent the wave
energy distribution in thé f k) space, so that the “ridge” of this distribution yields thevera

dispersion relation. The most conspicuous feature of thesomements is the optical character
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of the dispersion relation. Moreover, the dispersion agleravelengths is negative, i.e., the
wave frequency falls off as the wave number increases. Aetak|, the wave dispersion is
different for@ = 0° and 30. Figure 2 shows that the wave frequency as the function oktwe
vectork changes in a narrow interval. Our method also allowed us t@asome all three wave
modes of a 2D plasma crystal in a single experimental runign¥we show the fluctuation
spectra of out-of-plane and in-plane wave modes.

The non-reciprocity of pair interaction in complex plasrpasvides a very efficient mecha-
nism of converting the energy of the flowing ions into the kinenergy of microparticles. lvlev
and Morfill [4] suggested that the resonance between DL wavgesiin a 2D plasma crystal

can trigger themode-coupling instabilityhich, in turn, can cause the crystal melting.
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Figure 3: Evolution of the DL dispersion relations near th&ability onset (argon pressure of
0.76 Pa with particles of 9.19m diameter, at a rf power of 7 W (left column, stable regime) an
5 W (right column, instability onset)). The logarithmic ookoding is used for the “fluctuation
intensity” Ae /AkAT (energy density, for unit mass, per unit wave number andufaqy); (a)
and (b): out-of-plane mode; (c) and (d): pair of in-plane esdlhe solid lines are theoretical
results [1]. The wave number k is normalized by the inverserparticle distanca™? (first two
Brillouin zones atd = 30°). Below the fluctuation spectra the magnified hybrid modehmn t
unstable regime is shown. (e) and (f): distribution of thei¢tuation energy’Ae/Ak at fixed
frequency (stable cade= 125 Hz; instability onsef = 11 Hz)

The melting was thus systematically investigated in expents. One of two different dis-
charge parameters was used as the control parameter foreliegnWe gradually decreased

the rf power at a constant gas pressure (which lowers thenaese frequency of the verti-
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cal confinement), or we decreased the pressure at a confspamter (which naturally lowers
neutral gas friction, but also makes the radial confinemeanger). In Fig. 3, the fluctuation
spectra for 2 different powers is plotted (out-of-plane m¢al) and (b) are separate from those
for the in-plane modes (c) and (d)), due to different backgtbintensities introduced by the
imaging method [3]). As regards the theoretical curvesaichepanel we plotted all principle
modes that fit the frequency range shown. Fig. 3 summarizetisef our analysis. In the stable
regime (left column) the wave modes are well separated amflitbtuation intensity is evenly
distributed over the branches. In contrast, the unstalgienes (right column) is characterised
by the apparent intersection between the out-of-plane and ¢f) in-plane branches. The in-
tersection occurs in the vicinity of the first Brillouin zoheundary, resulting in the anomalous
energy release (dark-red “hot spots”). For comparison wighexperiments we employed the
theoretical results for 2D crystals [1]. The theoreticadrarhes are shown in Fig. 3 by solid
lines (upper curve: optical out-of-plane mode, the midatid Bower curves: acoustic in-plane
modes). These curves were calculated for a normalized elipaiment of the wake|3” (see
Ref. [1]) equal to 0.1. We assumed the Yukawa interpartitieraction, with parameters (par-
ticle charge and screening length) deduced from thek@ast of in-plane fluctuation spectra.
Fig. 3 shows that the theory yields excellent agreement thighexperiment, both for the stable
and unstable regimes. In the unstable regime (right coluhepredicted unstable hybrid mode

perfectly coincides with the locations of “hot spots” in theasured fluctuation spectra.

Conclusion

Spectra of phonons with out-of-plane polarisation werdistiexperimentally in a 2D plasma
crystal [3]. The dispersion relation was directly measudoedhe first time using a novel method
of particle imaging that allowed us to resolve the partiction in 3D. The out-of-plane mode
was proven to have negative optical dispersion at small wwaveber. Comparison with theory
showed good agreement. We also observed experimentaligoty@ing between the out-of-
plane mode and one of the in-plane modes predicted by thégrwhich under certain condi-

tions can form hybridised modes and trigger an instabilily [
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