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Structure and stability of the plasma crystal

A. Melzer, V. A. Schweigerf, . V. Schweigerfl A. Homann, S. Peters, and A. Piel
Institut fir Experimentalphysik, Christian-Albrechts-Universitéiel, 24098 Kiel, Germany
(Received 17 November 1995

The plasma crystal formed by monodisperse particles trapped in the sheath of an rf discharge is known to
show vertically aligned structures. Here, oscillations of the aligned particles are found below a threshold value
of gas density as a precursor of the melting transition. Attractive forces due to the formation of a positive
space-charge region below the upper particle are calculated from Monte Carlo simulations of ion trajectories in
the sheath. The alignment as well as the oscillations of the plasma crystal are explained by a simple model
based on the asymmetry of the forcES1063-651X96)50307-1

PACS numbses): 52.25.Vy, 52.35-g, 62.30+d

The formation of Wigner crystals in dusty plasmas hasfrequency in the potential well formed by the gravitational
attracted much interest very recently. Dust particles im-and electrical forces[6—8]. The measured charge is
mersed in a plasma interact by means of the Coulomb repul_=15 000 elementary charges corresponding to a surface
sion of the particle’s charges acquired by electron and iopotential of ¢=-5 V for the 9.4um particles
currents. Ikezi1] theoretically predicted plasma conditions (Z_=3600¢p=—2.2 V for the 4.8um particles. Figure 1
under which these particles should form regular lattices, théhows a side view of the crystal formed by the larger par-
so-called plasma crystal. Experimentally these crystals werticles at a pressure of 118 Pa. One can see that the dust
found by Chu and co-workeff2—4] in a magnetron rf dis- crystal consists of two aligned layers in contrast to a close-
charge with trapped discharge-grown SiQarticles. Tho- packed structure, which is a minimum energy state for repul-
maset al.[5] and Melzeret al.[6,7] found plasma crystals in sive forces. The possibility of attractive forces by polariza-
parallel plate rf discharges where dust particles intentionallyion of the ion flow were recently discussed [i®,10]. bcc
added to the plasma are trapped in the sheath of the lowe@nd fcc structure§4] were reported for laterally constricted
electrode, where mainly the upward-directed field force balsystems, but in our experiment the aligned particle arrange-
ances the gravitational force on the particles. The dust grain@ent is always found for both particle sizes. With an increas-
arrange in a flat crystal with a diameter of a few hundreding number of layers the particles still form vertically aligned
interparticle distances and a thickness of up to 20 layersshains. We restrict further discussion to the case of two lay-
with usual two-dimensional2D) hexagonal order in the ers in order to compare with a simple model. The interpar-
plane. In the vertical direction the particles are found to bdicle distance isa=450 um in the horizontal direction and
aligned[4,7,8]. d=360 um in the vertical direction for the larger particles

In this paper we show that the alignment can be explainela=350 wm, d=280 um for the smaller grains
by nonreciprocal attractive forces on the particles due to ion Another important feature of this particle arrangement is
streaming motion. These forces overcome the dust Coulomievealed when the gas density is reduced. Then the particles
repulsion. They are also responsible for the onset of particlstart to oscillate horizontally about their equilibrium posi-
oscillations about the aligned positions, which are comparetions (see Fig. 2 at a frequency in the range of 8 to 20 Hz
with experimental findings. with amplitudes of some 1Qum. The amplitudes of the

The measurements were performed in a parallel plate dower-layer particles are greater by about a factor of 2 than
discharge at 13.56 MHz and a power input of 12 W with thethat of the upper-layer particles. The upper particles have a
lower electrode powered and the upper grounded. The dighase lead of about 58°30°. The peculiarity lies in the fact
charge was operated in helium at pressures ranging from 3Bat these oscillations have a sharp onset when the gas den-
to 150 Pa. Monodisperse spherical melamine/formaldehydsity is reduced and that the density is so high that all exter-
particles of 4.8um and 9.4um diameter were added to the nally forced oscillations are still damped out within millisec-
plasma. The choice of different particle sizes provides ands. Furthermore, these oscillations seem to be a precursor
change of the gravitational force by a factor of about 8. Thefor the phase transition from solid to liquid when the gas
dust crystal is illuminated by a vertical or horizontal laser fandensity is reduce@8].
and is observed in scattered light with a video camera. The We have carried out extensive Monte CafMC) simu-
experimental setup has been decribed in detafl7ih The
charge on the dust particles is determined from the resonance

*Permanent address: Institute of Theoretical and Applied Mechan-
ics, 630090 Novosibirsk, Russia.

Permanent address: Institute of Semiconductor Physics, 630090
Novosibirsk, Russia. FIG. 1. Inverted video image of the plasma crystal—side view.
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FIG. 2. Horizontal oscillations of upper and lower particles. FIG. 4. Forces acting on the lower particle when the lower layer

is shifted as a whole with respect to the upper lay®r Attractive
lations to determine the forces by distortion of the ion trajecforce resulting from MC simulation(2) attractive force obtained
tories in the sheath. from the model system withy=0.5 andé=0.4; (3) repulsive force

The system studied consists of two hexagonal layers off the upper layer.
dust particles with the interparticle and vertical distances
taken from the experimeng&450 um, d=360 um). The  gions in this plot. For >100 um there is an almost undis-
particle potential was fixed ab=—5 V. In the experiment turbed region(region 3. Here the ion density slowly de-
the crystal is suspended in the sheath above the lower elegreases with increasimgbecause of the ion acceleration by
trode by a nearly linearly increasing electric fieJd1].  the electric field. Close to the dust particigegion 1) there
Therefore, such an electric field is superimposed on the Cous a very high ion density due to trapped ions in the potential
lomb field of the dust grains in the simulation. Charge-well of the dust particles. Below the dust particles one can
exchange collisions are also taken into account. From the iogee a regioriregion 2 of enhanced ion densit§ion cloud
trajectories the forces acting on the dust particles are calcuwwith respect to the undisturbed ion density. It is formed by
lated. ions which are deflected by the attractive forces between dust

Figure 3 shows a contour plot of the ion dengélyeraged particles and ions. The ion cloud of thgper particle pro-
over anglg from the MC simulation with an ion mean-free vides an attractive force for tHewer dust particles. This is
path of 100.m, which corresponds to a pressure of aboutthe reason for the alignment of the particles. A similar focus-
100 Pa. The dust particles are vertically aligned and are loing effect was found in collisionless models of the ion flow
cated atr=0 um andz=0 um (uppe) andz=360 um  around dust grain§9,10]. Our approach, however, is more
(lower), wherer,z denote cylindrical coordinates. In the ra- realistic in that it includes ion acceleration in the sheath and
dial direction only half the spacing to the next neighbor atcharge-exchange collisions, which counteract the focusing.
r=450 um is shown. One can identify three different re-  When the lower dust layer as a whole is shifted with
respect to the upper layer, then the ion cloud is still found
directly below theupperparticle and is only slightly affected
by the position of théower particle layer. On the other hand,
there is a strong restoring force on the lower particle pro-
vided by the ion cloud. These findings are the key points in
the further discussion of the stability of this dust particle
arrangement.

In Fig. 4 the horizontal component of the forces on the
lower particle are compiled when the lower layer is shifted
with respect to the upper layer. The repulsive force between
the particles of the lower and upper layers is given as curve
3. Curve 1 shows the attractive force by the ion cloud. This
force is negative because it is restoring. It is important to
emphasize here that an equivalent attractive force for the
upperparticle does not exist, because the ion cloud is created
by the upper particle and is always located below it. Hence
the vertical alignment is explained by the horizontally attrac-
tive force on the lower particle due to an accumulation of

FIG. 3. lon density distribution obtained from Monte Carlo ions behind the upper particle. This attractive force out-
simulations. The ion density is given relative to the density at theveighs the repulsive forces between the dust particles.
simulation boundary at=—500 um. The stability of this particle arrangement and the oscilla-
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dust . . Ky _ A
particle XSV + pxY = = (XN~ Y — 2 x(M ) — E;(xgn) — x5y

Fyas ), @

wherex{" ,x{" are the horizontal displacements of thth
upper and lower particles, respectively, amd=Z2e?/
47egm, Wheree is the elementary charge, is the permit-
tivity of free space, andn is the mass of the dust particles.

particle The terms containing\ are the linearized repulsive and at-
tractive forcesv is the damping constant due to friction with
FIG. 5. The coupled chain model. the neutral gas backgrourid2]. The dots denote time de-

rivatives. Shielding effects are here neglected for simplicity.

tions of the particles about their aligned positions can beV\(/,'gh the usual ansatz for waves on linear chains
=exp(nga)x;, whereq is the wave number, Eqgél) and

studied analytically in a model which is derived from the * (2) have the solution
MC results. The ion cloud below the upper particle is in our
model represented by a massless positive point chargea oy P
vertical distancal —d; below the upper particle. The values Xj=Xj0 XA, ]=1.2
of y=27;/Z_ and 6=d,/d are chosen in such a way that \where

their attractive force on the lower particle fits the MC results

(see Fig. 4, curve)2 The positive charge is treated as being

rigidly attached to the upper particle as seen in the MC simu- v A
lations. On the particles of the lower layer act the attractive 7 2
. . . AN=——=% ——w C/4+K
forces of the positive point charges and the repulsive forces 2 5\3 d
of the upper particles, whereas on the upper particles act only 3

repulsive forces from the lower layer. There is no attractive

force for the upper particles, and also the positive charge islere

not attracted by the lower layer, as found from the MC simu-

lations. Hence there is an asymmetry in the forces between P =2ﬁ(fc+1)sin2(qa/2)+ E
the upper and the lower particles. It is this asymmetry which *

determines the stability and oscillations of the crystal.

The linear stability analysis for the full model with two C=A/d%(y/5°~2),
hexagonal layers, taking into account all interparticle forces,
is beyond the scope of this paper and will be presented else-
where. Stability and oscillations can also be discussed in a
simplified 1D model. We will show that undamped or even
temporally growing, oscillating solutions for the upper andandx=Kk,/k;. This system describes three different types of
lower particles exist at a finite value of the damping constantsolutions. Forwi <0 we have a nonoscillating unstable sys-

This model consists of interacting chains of masses angem for any value ofv. For wi>0—a sufficient condition
springs(see Fig. 3. The repulsive forces between the upperfor this is y/5°>2, which means that the attractive force is
and lower particles and the attractive force on the lower partarger than twice the repulsive force—one finds a critical
ticle due to the pOSitive Charge are eXpIICItIy taken into acC-yalue of the dampmg Constan];( above which the System
count only for the three particles at each chain position. Thgs aligned and stable and below which it is oscillating with
repulsive forces of neighboring particles are represented by growing amplitude. Oscillations appear when the inner

springk, for the upper and lower chains, which in principle square root of3) becomes imaginary at
could be adjusted for shielding. The additional attractive

force on the particles of the lower layer by the positive

charges of the neighboring chain positions leads to a differ- vy =, Im[ JCU4+K(K+ yAl 83d3)]. %)
ent effective spring, for the lower layer. It may be antici-

pated thatk,<k, because the attractive force weakens thea necessary but not sufficient condition <0, which

repulsive force for the lower chain. means that the lower spring, must be weaker than the
So we end up with the following set of equations: upperk;, andK + yA/83d®>0. The latter condition can be
fulfilled by the attractive force of the positive point charge.
Here one clearly sees that the asymmetric forces are respon-
‘ A sible for the existence of these undamped oscillations. If this
“(n cm_ K1, (n-1 n L o(nt1 n n asymmetry is absent, then the inner square root collapses to
XY= 04 =2 )+ G ()G, S22 therefore it will not be imaginary, and all oscil-
(1) lations will be damped.

k
KZZEl(K—l)sinz(anZ),
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05 corresponding critical pressugg, , [12] and the phase lead

W/ E=3 of the upper particle with respect to the lower are shown as a
k2 / ki = 0.8 function of the wave number for/8°=3 and k=0.6.

- k,/m=2A/a® is obtained from nearest-neighbor interaction
only. For long wavelengths no temporally growing oscilla-
tions exist. Oscillations can occur below a value of 100 Pa
for wave numbers abowgta=1.75. The corresponding phase
shift is aboutw/4. These values are comparable to the ex-
perimental values. Of course these results depend on the ex-
act values of the parameters, but the critical pressure is al-
ways found between 30 and 200 Pa at small wavelength. It is
found that the upper particle always has a phase lead be-
0.0 tween 0 andr/2, which agrees with the observations. It must
05 1.0 1.5 2.0 25 3.0 be admitted that an uncertainty lies in the calculation of
kq, since only nearest neighbors are taken into account and
screening is neglected. However, our simplified model is
able to explain the oscillation mechanism with reasonable
agreement with experiment.

Undamped oscillations of the dust particles in the pres-, " conclusion, we have shown that ion streaming around

ence of friction arise because of available free energy. In ouflust grains is responsible for the alignment of the crystal and
or the onset of unstable oscillations. From a quantitative

model the source is the positive point charge which provide i 2 > X ¢ .
an attractive force on the lower particle without itself being 2n@lysis under realistic conditions and taking collisions into
attracted by the lower particle. In the real physical system th&ccount, the aligned structure is found to be energetically
source of free energy is provided by the streaming ions,avored over the hcp structure. A simple 1D mode_l is able to
which create the ion cloud below the upper particle that atPredict the sharp boundary between the stable alignment and
tracts the lower particles. the oscillations in the presence of frictional damping as ob-

In the simplified model there exists a range of values ofS€rVed in the experiment. The crucial idea behind the insta-
18% and k,/ky, for which the critical damping constant bility is the introduction of nonreciprocal forces that reflect
attains nonzero values. The critical value of the damping€ Symmetry breaking by streaming ions. This instability
constantv, , the amplitude ratidx, o/ d, and the phase can also be considered as the energy source that leads to the
difference of the oscillations can now be calculated. For th@xperzlmentla}lly obsery_ed heating of the dust partipBsiur-
amplitude ratio one finds the simple result Ing the melting transition.

|X2,0/%1 o =y 8°— 1, independent of the wave number and  This work was supported by the DR@i185/8-1, INTAS
. Hence fory/ 6°> 2, the oscillation amplitude of the lower (94-740, the Russian Foundation for Fundamental Investi-
particle is larger than that of the upper. In Fig.1§,, the  gation(94-02-03326 and Soros FoundatiofSU N160Q.
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FIG. 6. Critical damping constant, , corresponding pressure
p,. , and phase shift as a function of the wave number.
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