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Observation of dust Coulomb clusters in a plasma trap
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The formation of ordered quasi-two-dimensional Coulomb clusters of negatively charged dust particles with
particle numbeN, from a few to 791 in a cylindrical plasma trap, are demonstrated. For dinpérticles are
alternately packed in concentric shells with periodically oscillating occupation numbé&israseases. The
thermal induced collective excitations are dominated by the intershell angular motions. FaX|dhgelarge
triangular core surrounded by a few outer circular shells appears and supports vortexlike excitations, which
induce uniform and isotropic motions. The observed behaviors are generic and similar to the predictions by
other more ideal models with the same symmdiB1063-651X98)51412-2

PACS numbgs): 52.90+z, 61.72.Ff, 82.70.Dd

The two-dimensional(2D) strongly coupled Coulomb crystal experiment is modified for this experimgaf]. In-
cluster(SCCQ with small N is a mesocopic nonlinear sys- stead of the large radius groove in our previous experiment,
tem with finite degrees of freedom, which exhibits rich mi- a hollow coaxial cylinder with 3-cm diameter and 1.5-cm
croscopic structures and collective excitations. It is also aieight is put on the bottom electrode to confine dust particles
model system for theclassical atomsproposed by J. J. in the weakly ionized glow discharge generated in Ar at a
Thomson with a small number of electrons embedded in &w hundred mTorr using a 14-MHz rf power system. Oper-
uniform neutralizing ion background, which generates paraating at very low rf powe(<0.5 W) makes the nonuniform
bolic confining potentia[1]. The electrons on the liquid He dark spacéi.e., the boundary laygrwhich is adjacent to the
surface and in the semiconductor quantum dot sysfendg  cylinder wall and supports outward radial space charge field,
and the flux lines in the superconductors and superfluids, ar@uite thick. It leaves a small glow region with uniform
other examples sharing some similar featees6]. The re-  plasma densityri.~10° cm™), and a few mm diameter in
cent theoretical studies indicate that the mutual Coulomb rethe center of the trap. Introducing &m-diameter polysty-
pulsion and the central confining field lead to the competitiorrene particles to the glow sucks some electrons out and
between the triangular lattice and circular shells associate@aves an ion-rich background. Its space-charge field con-
with intrinsic defects for a 2D circular symmetric system. fines dust particles in the center uniform region. Decreasing
Regardless of the detailed interaction form, the generic packf power can increase the dark space width and, in turn,
ing behaviors, and anisotropic collective excitations undereduce the diameter of the cluster. Similarly to our previous
this symmetry have been predictgt-10,. Nevertheless, to experimentg$5,6], ions flow downward from the glow above
our knowledge, the structures and motions for the 2Dthe cluster. It induces dipole interaction and causes the for-
SCCC'’s at differentN have never been systematically stud- mation of vertical dust particle chairieach containing about
ied in laboratories. 5-20 particle even up to the cluster radial boundary. The

On the other hand, in a dusty plasma, the suspended dugfiain only moves horizontally. The system can be treated as
particles can be strongly coupled due to their large charges quasi-2D system. The partidlehain positions in the hori-
(~10* electrons peum-sized dust As predicted by Ikezi zontal middle plane are monitored by a charge-coupled-
[11], large volume dust crystalavith sub-mm lattice con- device camera to investigate the 2D packing and motion.
stan} and liquid states exhibiting interesting structures andFigure 1 shows a few typical microimages of clusters up to
motions have been directly observed at room temperature itarge N with 3 Sec exposure time.
recent experiment§12—17. Quasi-2D hexagonal crystals  For the system with smaM, particles are located in con-
can also be induced under the vertical ion fld8,17. Test- ~ centric shells. Figure(@) shows a series of typical observed
ing the formation and generic behaviors of dust clusters agluster configurations through the triangulation procesh as
small N, and the transition to largh, is certainly an inter- increases. The staté(,N,,Ns,...) hasN;,N;,N3,... par-
esting issue from the point of view of a classical Wignerticles in different shells from the center. Fur=3, 4, and 5,
crystal. In this work, using a cylindrical plasma trap thatthe polygons coaxial with the circular trap are formed. For
confines strongly chargedm-sized dust particles, we dem- N=6, a particle appears at the center of the pentagon to form
onstrate the formation of quasi-2D SCCC’s whup to 791.  a two-shell structure. Increasing from 7 to 16 causes the
Our findings of the shell structures, the alternate packing iralternative increase dfl, by one, first whemAN;=5 (AN;
different shells, the classical periodic table, the angular mo=N;;;—N;), and then the increase bf; by one until both
tion dominated excitations at small, and the transition to shells are full(i.e., N;=5 andN,=11). It suggests that the
the triangular lattice, with vortexlike excitations surroundedenlargement of one shell after adding one particle provides
by the outer circular shells at large, give the first direct space for the adjacent shell to add the next partisl,
experimental evidence of the theoretical predictions. fluctuates between 5 and 6 alternately. Nar 17, the third

A cylindrical rf glow discharge system with 9-cm diam- shell appears. It forms @.,5,11 structure. For the structure
eter and 4.5-cm height for our previous large volume duswith three shells, similar filling processes are observed.
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FIG. 1. Snapshots of the microimages of the typical cluster (b)
structure at differenN. For displaying purposes, the scales are not
the same for the pictures. The typical interparticle spacing is be-
tween 0.3 and 0.7 mm.

4l 791

(AN;,AN,) follows the periodic sequence @b,6)-(6,5- 10812 ~ 232813 = ;s<3,9.14)
(6,6) as N increases one by one from 19 to 30. Figure 3 ] ] ]
shows the alternate packing in different shells and the peri- _FIG. 2. (a) Typical sn_wapshots of the trlangulated cluster configu-
odic oscillation ofN; as N increases. It corresponds to a rations observed at differerid. The gray circles are drawn and
classical periodic tall)le Unlike thguantum atomsin which triangulations are made for referengb) Three typical structures,

. CT . .. from the 2D MD simulation with unshield Coulomb repulsion, in a
the addition of electrons is only allowed in the outer orbit, S . .
our packing sequence is generic and similar to the Montgarabm'c circular well. The triangular lattices are plotted as refer-

Carlo simulation for 2D elect . boli fini nces to illustrate the bending from the central confining force. In
arlo simuiation tor EIeClrons In a parabolic contining (a) and(b), the small triangles and squares in a few images are the

well (i.e., a field generated bY a uniform frozen ion b""Ck'fivefold and sevenfold disclination defects, respectively.

ground, except thalN; may deviate by one foX larger than

16 [7-9]. Many states predicted by the above model withfoyr honds, the unpaired intrinsic fivefold and sevenfold de-

similar energies such a4,8), (1,8,13, (1,8,14, (39,13,  fects mainly stay around the second outmost shell if the out-

etc. have also been observed in our experinjéht most shell does not have six particles more than the adjacent
To understand the generic structures, three typical equisheli[e.g., the 5-7-5 defects in the lower part of 39,14

librium states with differeniN; are obtained from our 2D  gtates in Figs. @) and 2b)].

molecular dynamic§MD) simulation at zero temperature, This strongly coupled system supports many interesting

with weak linear damping, a parabolic confining potential,thermally induced collective excitations. Under the shell
and unshielded Coulomb repulsidfrig. 2(b)]. They are

quite similar to our experimental results. For an infinite 2D 20 S
system, with mutual Coulomb repulsion, particles should sit [
at the triangular lattice sites shown in the backgro{i@f ! O First shen
However, for a finiteN system, the addition of the radial [ 0 Second shei
15 5 A\ Third shell ]

confining force tends to bend the lattice and form circular
shell structures. The bending causes large strain energy es-
pecially when the radius of the curvature is sni&l]. For
structures with two, three, and four particles in the first shell,
the particles of the second shell sit between a circular ring
and a triangular lattice boundary. For example, the second
shell is elliptical for the(2,8) state(Fig. 2). For the structures
with three or four shells, only the outmost shell is more
circular. The inner parts are more triangularlike to reduce
strain energy. If some magic combinations for the inner

Occupation of Shells

shells such a1,6), (2,8), (3.9, (4,10, (1,6,12, etc. can be ® % Numberof Partides N - %
reached, the inner part forms defect-free sixfold packifig
Besides the threefold defects along the outmost ghqgtlar- FIG. 3. Occupation numbé; vs N, showing the alternate pack-

ticle on the unbended edge of a triangular lattice should haviag to different shells and the periodic oscillation Nf.
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FIG. 4. (a) Evolution of the(2,8,13 state. The motion is domi- 0-10s 0-10s - Zmm

nated by the thermally induced intershell angular vibration and ro- F|G. 5. (a) and (b). Triangulated configurations for the two typi-
tation as shown in the inset with 20 s exposure time, which makeg| |argeN states. The triangles and squares represent the fivefold
the system visit microstates with different associated fivefoid and sevenfold defects, respectively) and (d). Trajectories show-
angle and sevenfoldsquarg defect combinations. ing the vortex-like excitation. The insets with longer exposure time
show that the isotropic random trajectories accumulated from the

structure, induced by circular system symmetry, the collecfandom-phase isotropic vortex excitations.

tive intershell angular excitations predominate over other expeak position of the pair correlation function, is uniform in
citations, such as intrashell angular and radial motion, I'adiétlhe inner region, and 0n|y increases up to about 10% for
vibration of the whole cluster relative to the confining center,radius 0.R<r<R. In the absence of the shell structure, the
radial breathing, etd.7,8,10. It also makes the system ac- angular motion is no longer more preferred in the inner re-
cess different states with different topologies. Figure 4 givegjion. The vortex-type excitations, similar to our previous
an experimental example of the time evolution of thelarge-volume dusty plasma, are recovefédgs. 5c) and
(2,8,13 structure. The elongated trajectories and the differ5(d)] [5,6]. The excitations are quite uniform and isotropic,
ent angular displacements for different shells manifest easiegxcept for the outermost shéflee the insets of Figs(& and
intershell angular motion than radial motion. The sequentiab(d) for long time trajectories accumulated over many exci-
snapshots with triangulation show the relative particle andationd. In addition to the unpaired intrinsic threefold and
defect(only the fivefold and sevenfold defects are mapked fivefold defects, due to lattice bending in the outer circular
positions. The intershell and intrashell angular excitationshells, the vortex-type excitations also generate free disloca-
associated with the slight radial vibration cause the generaions with paired fivefold and sevenfold defects in the inner
tion, annihilation, circulation, and relative motions of the region[the state in Fig. &) is hotter than in &) due to the
fivefold and higher rf power, and shows more thermal defgcthe ex-
sevenfold defects mainly around tl2,8 core. It accesses citations also cause the competition between the straight lat-
states with a few different topologies but similar energiestice and the circular outer shells, and the temporal invasion
There are three stable or metastable defect configurationsf the straight lattice to various regions in outer shgfigs.
single fivefold defectat 33 3, a connected 5-7-5 defect clus- 5(a) and §b)].
ter (e.g., at 0, 25, and 38),sand a 5-7 defect pair with Regardless of the complications, such as the Debye
another fivefold defect separated by one dust partelg., at  shielding from the unfrozen plasma backgroutite Debye
4, 8, 10, 28 s, etg.around the second shell. Usually, the length is of about the same order as the interdust disfance
center two particles line up with their neighboring particlesand the contribution from the particles along the vertical
in the second shell. The 5 and 7 defects only temporallychains, the generic behaviors, such as the shell structures,
reach the center core during the switching of the alignmenélternate packing, periodic oscillation bf, and collective
(e.g., from alignmena-b-c-d toa’-b’-c-d at 6 9. Namely,  excitations observed, are quite similar to the predictions from
the small(2,8) core with full sixfold packing is quite robust. the 2D models with unshielded Coulomb repulsions in a
The intershell rotation is much harder to thermally exciteparabolic potential wel[7—10]. It suggests that the circular
than the intershell vibration between the first two shells.  system symmetry and mutual repulsion are the key factors
As N becomes larger, the second-outermost shell also betetermining the generic behavidi@]. The detailed interac-
comes piecewise circular, due to the lower bending energy daton forms have minor effects. Our recent MD simulations
a larger radiugFigs. 5a) and §b)]. The particles in the inner with different interaction forms also support this argument.
regions sit mainly in a more uniform and isotropic triangular For example, the harder core repulsi@g., Yukawa-type
lattice environment and feel a weaker boundary effect. Thénteraction reducesAN; for the outer shells by one or two.
mean nearest neighbor separatigmmeasured from the first  The trend is reversed if the confining potential has additional
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guadratic or higher order terms that make the potentiaing region. For largeN, the number of circular shells sur-
steeper in the outer regidis]. rounding the large triangular inner lattice slightly increases.
In conclusion, we introduce our small plasma trap, whichAway from the boundary, the particle motions are uniform
confines quasi-2D dust SCCC’s with a wide rangéNofor and isotropic due to the vortex-like excitations. Sharing the
smallN, particles are located in concentric shells. The comSa@me symmetry, the generic behaviors of our system are
petition between the central force and the mutual repulsiofiMilar to the predictions by models with uniform frozen

leads to the alternate packing in different shells and the pe@eut_ralizing ions, althc_Jugh our neutralizing backgrou_nd has
riodic oscillation ofN; asN increases, and the formation of moving electrons and ions, and there are other complications

the circular outermost shell and the less circular inner shell from the vertical chains and the slightly stronger inward

The angular motion dominated excitations under the shel orce, due to the slight excess of ions in the glow boundary.

structure make the system visit similar energy states with This research was supported by the National Science
different defect topologies. The small core with magic pack-Council of the Republic of China under Contract No. NSC-
ing number is robust and leaves the defects in the surroun®7-2118-M008-016.

[1] J. J. Thomson, Philos. Mag9, 236 (1904). [10] Y. E. Lozovik and V. A. Mandelshtam, Phys. Lett.145 269
[2] H. lkezi, Phys. Rev. Lett42, 1688 (1979; P. Leiderer, W. (1990; 145, 165(1992; 145, 465 (1992.

Ebner, and V. B. Shikin, Surf. Sc113 405(1982. [11] H. Ikezi, Phys. Fluid9, 1764(1986.
[3] Nanostructure Physics and Fabricatioedited by M. A. Reed [12] J. H. Chu and Lin I, Phys. Rev. Leff2, 4009(1994).

and W. P. Kirk(Academic, Boston, 1989 [13] Y. Hayashi and K. Tachibana, Jpn. J. Appl. Phys., Pa381
[4] D. Reefman and H. B. Brom, PhysicaX83, 212 (1991). 804 (1994).
[S] W. I. Glaberson and K. W. Schwartz, Phys. Tod#¥2), 54  [14] G. E. Thomast al, Phys. Rev. Lett73, 652(1994).

(1987). [15] A. Melzer, T. Trottenberg, and A. Piel, Phys. Lett.181, 301
[6] Y. Kondo et al, Phys. Rev. Lett68, 3331(1992. (1994
[7] 2/192;/19 Bedanov and F. M. Peeters, Phys. Rev48 2667 [16] Lin I, W. T. Juan, and C. H. Chiang, Scien@¥2 1626

: . 1996.

[8] V. A. Schweigert and F. M. Peeters, Phys. Rev5B 7700 (1996

[17] C. H. Chiang and Lin I, Phys. Rev. Left7, 647(1996; W. T.
Juan and Lin ljbid. 80, 3073(1996.
[18] Y. J. Lai, W. T. Juan, and Lin (unpublishegl

(1995.
[9] A. A. Koulakov and B. I. Shklovskii, Phys. Rev. B5, 9223
(1997).



