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Small three-dimensional charged-dust clusters, so-called Yukawa balls, are analyzed with regard to
their construction principle. For that purpose, in an experimental approach, different (metastable)
configurations of clusters with fixed particle number (N <100) have been generated under identical
plasma and trapping conditions. Metastable states are frequently observed. In combination with
molecular dynamics simulations, it is shown that particle interaction with screening strongly affects
the appearance probabilities of metastable configurations. Small clusters show different average
density distributions with screened interaction compared to pure Coulomb, although having the
same ground state configurations. © 2008 American Institute of Physics. [DOL: 10.1063/1.2903549]

Three-dimensional (3D) clusters consisting of few par-
ticles are of particular interest in various fields of physics and
chemistry as their structure and dynamics depend strongly on
the number of particles. Cold noble gases form clusters with
icosahedral shell structure.' Similar structures were ob-
served in alkali-metal, noble-metal, or Si clusters.> In many
systems an enhanced stability is found for highly symmetric
configurations. These magic numbers are found to be similar
even for trapped charged particle systems,4_6 which implies
that geometric constraints determine the structure of different
types of clusters to a large extent. On the other hand, it is
observed that the type of bonding influences the structure of
these clusters.”

Ordered states of trapped charged particles are formed
when the coupling parameter I'=Z%¢?/4me,bkT exceeds a
critical value, i.e., I' ;= 180, for infinite systems. Here, Z is
the charge number of the particles and b the interparticle
spacing. For ion clusters, the structure is a set of nested
spherical shells.*’ Recently, similar structures have been dis-
covered for highly charged microparticles (Z=2000) trapped
in a gas-discharge plasma ? These so-called Yukawa balls
reach the regime of strong coupling already at large interpar-
ticle distances (b=0.5 mm) and room temperature (T
=300 K); i.e., I'=1500. Additionally, Yukawa balls are highly
transparent objects and the particle dynamics is sufficiently
slow to be observed by means of video microscopy.

In contrast to ion crystals, the particles in Yukawa balls
interact by a screened Coulomb potential with a screening
length Ap. Investigations of the ground state configuration in
experiments as well as molecular dynamics (MD) and Monte
Carlo simulations'® have shown that in large clusters N
>100 the shielded interaction affects the structure of the
cluster. While pure Coulomb systems have strictly homoge-
neous density,4’5 increased occupation numbers of inner
shells and depletion of outer shell were observed in shielded
systems. This inhomogeneous density distribution of Yukawa
balls is a consequence of the change from a global force
equilibrium (due to the particular properties of the far-
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reaching pure Coulomb interaction) to a local balance (due to
the dominance of nearest neighbors in screened
interaction)."! Although this result was obtained in a fluid
model for large systems, the comparison with simulations
showed that systems with only thousand particles are accu-
rately described by this approximation if correlation effects
are taken into account.'?

For small systems (N<100) the fluid approximation
fails. Simulations'® indicate that the ground state configura-
tion of small Yukawa clusters (k=b/\p<<1.5) does not de-
viate systematically from pure Coulomb systems. However,
there is no obvious reason that the principle that short range
interaction leads to overpopulation of inner shells should not
apply in small systems.

This ambiguity can be resolved by investigating the
ground and metastable states of small clusters. It is well
known that for many particle numbers, metastable configu-
rations exist with energies moderately higher than the ground
state.” To access these different metastable states in our ex-
periments, we have repeatedly produced clusters of fixed
particle number. The obtained cluster configurations are ana-
lyzed in view of their structure and their probability of ap-
pearance. This allows us to reveal the role of screening with
respect to the structural properties of small clusters. The ex-
perimental results are compared with MD simulations.

The experiments have been conducted in a capacitively
coupled rf-discharge at 13.56 MHz in argon. Monodisperse
plastic spheres of 3.46 um diameter are confined horizon-
tally by a cubic glass tube placed on the lower electrode.
Vertically, gravity is compensated by the combined action of
an upward thermophoretic force due to heating of the lower
electrode and a weak electric field."> In this trap, Yukawa
balls are produced. An improved stereoscopic camera setup
is used that consists of three synchronized cameras with pair-
wise perpendicular orientation. The whole particle cloud is
illuminated by an expanded circular laser beam (600 mW at
532 nm). With this setup, the 3D positions of all particles in
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TABLE I. Results of the configuration repetition experiment with 37 real-
izations of a cluster with N=31 particles. N, , denotes the number of par-
ticles, R;, are the average shell radii of inner and outer shell, respectively.
Vs 1s the average Wigner—Seitz cell volume of a particle in the inner shell.
For comparison, the results of a MD simulation at k=1.1 with 500 runs of a
31-particle cluster are also shown. The simulation parameters are given in
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FIG. 1. (Color online) Structure of metastable configurations of the N=31
cluster. (a) Particle positions in cylindrical coordinates in the p-z plane. The
red dots are the average particle positions of a (5,26) configuration. The
dashed lines indicate the shell radii (R; and R,). (b)—(d) Average structure of
the inner shell. The particle arrangement is shown for clusters with N;=4
(b), N;=5 (c), and N;=6 (d) particles. (e)—(g) Voronoi analysis (blue (dark
gray)-pentagons, green (medium gray)-hexagons, yellow (light gray)-
defects) of the corresponding outer shell for N,=27 (e), N,=26 (f), and
N,=25 (g) particles. All plots show experimental results.

a Yukawa ball can be measured simultaneously with high
spatial and temporal resolution.*

In a first set of experiments, different metastable con-
figurations of clusters with fixed total particle number were
realized. Here, we restrict our discussion on clusters with
about 30 particles because these particle numbers are well
separated from magic configurations (N=12 and 57), where
closed shell configurations are observed. Hence, due to
partly filled shells these cluster promise to have several ac-
cessible metastable configurations.

To produce different metastable configurations, the fol-
lowing procedure was applied. After having trapped a clus-
ter, a well adjusted variation of rf-power allows to interrupt
the particle confinement for a few seconds, which destroys
the Yukawa ball. However, before the particles leave the dis-
charge, we re-established the trapping regime and the par-
ticles form a new stable cluster. This experimental procedure
enabled us to fill the trap several times with the same par-
ticles, but without any memory of the previous configuration.
The experiments have been performed in a single continuous
run over about 2 h, in each loss-and-recovery cycle the clus-
ter was allowed to relax for about a minute before the cluster
realization has been recorded for 30 s.

The results of the repeated trapping experiment for a N
=31 cluster are shown in Fig. 1 and Table I. A number of 37
realizations of the cluster have been generated at exactly the
same plasma and confinement conditions (gas pressure p
=90 Pa, discharge power P=7.5 W). All clusters are found
to consist of two shells [Fig. 1(a)], but the shell population
differs among these clusters. Clusters with N;=4, 5, and 6
particles on the inner shell are observed. The particle ar-
rangement on the inner shell is given in Figs. 1(b)-1(d). The

the text.

Experiment
N;=4 N;=5 N;=6

Abundance 13 23 1
Probability (%) 35210 62+13 3+3
R; (mm) 0.262*0.011 0.290 = 0.006 0.322
R, (mm) 0.632+0.003 0.6410.003 0.643
N;/4mR? (mm2) 4.63+0.37 4.74+0.19 4.61
N,/4mR? (mm™2) 5.37%0.06 5.03£0.06 4.81
Vys(mm?) 0.070%0.002 0.068 =0.002 0.070

Simulation
Probability (%) 28+4 63+5 8§+2
R; (mm) 0.250 0.280 0.303
R, (mm) 0.631 0.639 0.647

observed structures are in perfect agreement with those ex-
pected from geometric considerations; namely, a tetrahedron
for N;=4, a double tetrahedron (N;=5), and a bipyramid
(N;=6). As shown by the Voronoi cells in Figs. 1(e)-1(g), the
particles on the outer shell arrange in an organized pattern of
hexagons and pentagons as required for a hexagonal lattice
bent onto a sphere. Hence, well defined crystalline clusters of
different (metastable) states (4,27), (5,26), and (6,25) have
been reliably produced in the experiment.

A more detailed picture is obtained when these clusters
are analyzed quantitatively. First, the average shell radii for
different realizations have only small standard deviations
(see Table I), indicating that the different configurations are
precisely reproduced in the experiment. Further, a significant
increase in inner shell radius R; with ; is observed, whereas
the outer shell radius R, grows only weakly. However, the
area density of the particles (N, ,/ 47TR?,0) is roughly constant
for the inner shell, whereas it distinctly decreases with in-
creasing N, for the outer shell. Thus, the higher population on
the inner shell goes along with a reduced charge density on
the outer shell rather than with an increased cluster size.
Second, the different configurations have different probabil-
ity of realization. The configuration (5,26) occurred in about
two thirds of the cases, (4,27) in about one third. The con-
figuration (6,25) was seen only once. Note that the meta-
stable configuration (5,26) appears more frequently than the
ground state (4,27).

To clarify the experimental observations, we have per-
formed MD simulations of the N=31 cluster. The crystalline
state of the cluster at room temperature (7=300 K) requires
a charge of Z=2000 in the simulation in agreement with
previous investigations.lo’13 The curvature parameter «
=5.20X 107" kg s72 of the 3D isotropic parabolic trapping
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FIG. 2. (Color online) Probability of realization of configurations with N;
=3, 4,5, and 6 particles on the inner shell for a N=31 cluster as a function
of screening length \p. The experimental probabilities are indicated by the
horizontal stripes. The matching value of « is indicated by the vertical bar.

potential V(r)= ar results from previous experlments ?and
from the observed particle density for N=31. Varying the
screening length A in the simulation, we can study the in-
fluence of short-range forces on the structure. The probabil-
ity to find a certain metastable configuration in the simula-
tion is shown in Fig. 2. The simulation is started from
random particle positions to mimic the experimental loss and
recovery of the confinement. The configuration (3,28), which
has not been observed in the experiment, is found to have a
nonvanishing probability only for N\p>1000 um (k<<0.5).
In contrast, the experimentally observed configuration (6,25)
only appears for A\p<600 um (x>0.78). In this entire
shielding range (k<<1.5), the ground state configuration re-
mains to be (4,27). Near A\p=400 um (x=1.1), the simulated
probabilities nicely arrive at the experimental ones (see Table
I). This value of the screening length matches that deter-
mined from plasma simulations under similar conditions."
Even the shell radii of inner and outer shell of the simulated
clusters at Ap=400 um have exactly the same absolute val-
ues for the different metastable configurations as the mea-
surements (see Table I).

From numerous simulations with systematically varied
parameters N,Z,T and «, we always find qualitatively the
same distribution of appearance probabilities: The probabil-
ity of metastable states with higher N, increases with screen-
ing strength «.

It is interesting to note that, as in the experiment, in the
simulation the metastable state (5,26) is observed substan-
tially more frequently than the ground state (4,27). The en-
ergy of the metastable configurations (5,26) and (6,25) is
about 24 and 49 meV higher than the ground state, respec-
tively. Thus, it is reasonable for dust clusters at room tem-
perature that the metastable states are populated to a substan-
tial degree. That the metastable state is found to be more
probable than the ground state does not contradict statistical
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mechanics. A quantitative description of the appearance
probabilities requires to consider the multiplicity of the dif-
ferent configurations as well as their vibrational and rota-
tional degrees of freedom and is beyond the scope of this
letter.

To generalize our findings, we performed additional ex-
periments with different particle numbers and different
plasma parameters. As a second example, a N=27 cluster is
studied in a discharge with three times lower plasma power
(p=70 Pa, P=2.5 W). The observed probabilities with 12
realizations of the N=27 cluster are (46 * 14)% for both the
ground state (3,24) and metastable state (4,23), and
(8+6)% for the metastable configuration (2,25). Corre-
spondingly, the simulations show that the probabilities for
(2,25) and (3,24) decrease with increasing screening
strength, and that (2,25) is only observed for k<0.80. On
the other hand, the probability for (4,23) increases with re-
duced screening length. Good agreement between experi-
ment and simulation is found for k=0.75; i.e., A\p=750 um.
The increased Debye length Ap for N=27 compared to the
case of N=31 is a direct consequence of the reduced plasma
density at reduced discharge power. These consistent find-
ings validate our conclusions.

In a further experiment, we have investigated dynamical
processes in such small clusters driven only by the kinetic
temperature of the dust. The particle positions of a N=31
cluster were recorded for several minutes to search for self-
excited transitions between metastable configurations. In the
beginning of the sequence, the cluster remained for several
minutes in a (4,27) configuration; only thermal motion of the
particles about their equilibrium position was observed. At
t=430 s a single particle starts to leave the outer shell at r
=~().64 mm, moves inwards, and reaches the innermost posi-
tion (r=0.34 mm) at about r=517 s, where it resides for a
short moment before it slowly returns to the outer shell. The
radial trajectory of this particle is shown in Fig. 3(a). The
radial positions of the other 30 particles stayed nearly con-
stant. This transition is a very slow, gradual process. It is
different from the hopping motion observed in 2D crystals
occurring on the time scale of the Einstein frequency of near-
est neighbor oscillations, which is of the order of a few
hertz."

Since we have the 3D particle positions at each time
step, the variation of density profile and structure can be
studied directly. The particle density is defined as the recip-
rocal volume of the Wigner-Seitz (WS) cell Vyg per particle.
In our finite systems, the calculation of Vg is possible only
for the inner particles. Figure 3(b) shows the average WS
volume per particle Vyg as the particle moves from the outer
towards the inner shell.

The WS cell of the traveling particle can be computed
when its radial position is r<<0.55 mm. Thus, for r
>0.55 mm, the cell volume Vyyg is computed only for the
four particles belonging to the inner shell. For »<<(0.55 mm,
the traveling particle is included in the computation of Vyyg.
It is seen that the Vyg in the configuration (4,27) is larger
than that obtained when the traveling particle approaches the
(5,26) configuration. For comparison, the average Vyyg for
the metastable configurations of the repetition experiment
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FIG. 3. (a) Radial component of the trajectory of the particle leaving the
outer shell. The inset shows the particle trajectory in the p-z plane (black
symbols). (b) Average Wigner—Seitz cell volume per particle for all particles
belonging to the inner shell as a function of the radial position of the trav-
eling particle. For R<<0.55 mm, the Wigner—Seitz cell of the traveling par-
ticle is included in the average. The solid lines are the average Vysg of the
configurations (4,27) and (5,26) obtained from the repetition experiment
(see Table I).

(see Table I) are indicated by the horizontal solid lines.

When the traveling particle reaches the inner shell, a
slight but significant decrease of Vyyg is observed; i.e., the
particle density on the inner shell increases for a (metastable)
configuration with higher N;. This demonstrates that indeed
the density profile changes and that a higher population on
the inner shell is not (completely) compensated by an in-
crease in shell or cluster radius.

Therefore, our experiments show that the probability to
observe a certain (metastable) configuration depends
strongly on the interaction range: Configurations with larger
N; are preferred for smaller \p. Furthermore, the observed
distribution of the configurations clearly implies a screened
particle interaction with, on average, higher population of the
inner shells and lower population on the outer.

Phys. Plasmas 15, 040701 (2008)

Together with the result that configurations with larger
N; become more likely for increasing screening strength,
these experiments show that, on average, even small Yukawa
clusters have density profiles that are different from those of
pure Coulomb systems. In effect, as for large clusters,'"'? the
inner shell is preferred at the expense of the outer. Hence, the
dominance of short-range interaction has a measurable influ-
ence on the structure even for few-particle systems. Essen-
tially, our results show that the probability of various con-
figurations of small clusters is directly related to the
interparticle interaction.

Metastable configurations of trapped particle systems
can be reproducibly formed in the experiment, even far more
often than the ground state. Besides their key role in under-
standing the structural properties of small clusters, they are
of importance in melting processes, because transitions
among metastable states mark the onset of melting. Since
smaller systems melt at lower temperatures than larger
systems,16 small Yukawa balls promise to serve as ideal sys-
tems to gain insight into the microscopic processes of phase
transitions in finite strongly coupled systems.
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