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Mode spectra of thermally excited two-dimensional dust Coulomb clusters
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The mode spectra of finite Coulomb clusters, confined systems of charged microspheres in a complex
plasma, have been determined experimentally. The spectral power density of all possible modes has been
measured for particle numbers betwéén 3 andN= 145 under different plasma conditions. The agreement
between measured and calculated mode frequencies is found to be very good. From this, the parameters of the
particle interaction, like particle charge and screening strength, have been extracted quantitatively. In addition,
the particle and mode temperatures have been obtained. The modes and the particles show the same tempera-
ture and the principle of equipartitition holds for these systems. Moreover, certain modes of interest have been
compared among the different clusters, as there are the breathing mode and intershell rotation as well as the
lowest- and highest-frequency modes. Moreover, the mode-integrated spectrum shows two broad maxima
which are explained from “shearlike” or “compressionlike” modes. From this analysis, the transition from
finite number to crystal-like properties is observed to occur aroNmdl2 particles. Finally, a model to
visualize the transition from normal mode oscillations to wave dispersions in a 2D lattice has been proposed.
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[. INTRODUCTION bolic potential well. The particles arrange in concentric
shells forming a “periodic table” of 2D clusterf®Ref.[2], see
Waves and oscillations as fundamental dynamic processedso Fig. 1. The structural configuration of the Coulomb
allow to reveal the underlying mechanisms of particle inter-clusters is usually given in the fornNg,N,, ... ), where
action in weakly and strongly coupled complex plasmas. FoN; is the number of particles in the firéhnermost ring, N,
that reason, a large number of theoretical and experimentés that of the second ring, etc.
investigations have addressed the question of waves and os- The 2D clusters are characterized by their total energy
cillations (see Ref[1], and references thergirMost of these
investigations have been performed in extended two- or 1 N 722 N 1 i
three-dimensionaD or 3D) dust clouds. Bounded systems, E= §mw32 re+ 2 > feXF( - —> @
o . . =1 mEY i>j Tij Ap
so called 2D finite Coulomb clusters, also provide an ideal

tool to study the dynamics of complex plasmas and, due the . . . . - .
small number of particles involved, are ideally suited forWhICh is the sum of the radighorizonta) confining potential

comparison with detailed modeling. The dynamic propertie"€9Y and théscreenef Coulomb interaction between the
P 9 y prop articles[2,3]. Here,m denotes the mass of the particles and

of these finite systems are described in terms of normat”. X O
modes rather than waves. a@ is their charge number. The strength of the )cl(/)znﬁmtrr\]g po-
is the

Laboratory complex plasmas typically consist of micro-€ntial is denoted byo,. In add|t|on,ri=(xi2+ayi2 R
spheres immersed in a gaseous plasma discharge. The micradial coordinate of théth particle andr;=|r;—r;| is the
spheres attain high negative charges of the order 6fel0  distance between particleand;.
ementary charges. Under these conditions the electrostatic Using normalized units;/ro—r andE/Eq—E, with
energy of neighboring particles by far exceeds their thermal
energy, the system is said to be strongly coupled and Cou-
lomb crystallization of the charged particles can occur. The ro=
involved space and time scales are perfect for video micros-
copy and, in addition, dynamical processes are only weakly
damped. This makes complex plasmas an ideal system fépgether with the screening strength
the study of strongly coupled plasmas and condensed matter.

Two-dimensional finite dust clusters are formed from a o
small number of particlelN=1-150 trapped in the space k= )\_D' &)
charge sheath above the lower electrode. There the electric
fie_zld forces can Ie\_/itate_ the micr_ospheres against gravitne total energy simplifies to
Since the electric field is increasing from the sheath edge
towards the electrode a unique vertical equilibrium position N N

i ) ) ; X . 1
exgts forcing the mprospheres |nt_o a single vertical layer. EZE ri2+2 —exp(— kT ). (4)
Horizontally, the particles are confined by a shallow para- i=1 i>] Tij
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The normal modes of the 2D clusters are then calculated
*Electronic address: melzer@physik.uni-kiel.de from the dynamical matrix
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theoretical predictions. Finally, the modes have been classi-
fied according to their shear and compressional contribution
and a model for the transition from the normal mode in finite
clusters to waves in extended crystals is proposed.
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Il. EXPERIMENT

The experiments have been performed in a parallel plate
rf discharge operated in argon at 13.56 MHz with gas pres-
sures of 1.5—4 Pa and discharge powers between 3 and 40 W
FIG. 1. (8 Scheme of the experimental setup) Snapshots of [see Fig. 1a)]. A few (N=3-150) melamine-formaldehyde

the clusters wittiN=3, 7, 12, 19, 34, and 145 particles. particles of 9.55um diameter and a mass ah=6.90
X 10~ 2 kg are immersed into the plasma and are illuminated

P’E by a laser fanat 690 nm, 40 mW The particles form 2D

Eapij :m (5 finite Coulomb clusters above the lower electr¢dee Fig.

1(b)]. The horizontal confinement for the particles is realized

with @ andB=x,y andi,j denoting the particle number. The by @ shallow circular parabolic trough in the electrode. The

normal mode frequencias/ of the 2N modes are the eigen_ p'artide motion is viewed from top and from the side with

values of the dynamical matriin units Owa/\/E) and its V|de<_) cameras and st_ored m_to the computer for further pro-

eigenvectors describe the mode oscillation patté8is cessing. In the experlme_nt, it was conflr_med from the S|_de
For the case of pure Coulomb interaction=0) there are  ViEW camera that the microspheres are indeed trapped into

three normal modes that are independent of the particle nun@nly @ single layer. ,

ber N [3]: (i) the rotation of the entire cluster around the 1Nhe particle motion was recorded from top for typically 1

center of the confinement at=0, (i) the (twofold degen-  MiN, corres',pon'dlng to 1500 frames at. 25 frames per second.

eratg sloshing oscillation of the center of mass of the clusterfNO €xcitation in any form was applied, only the thermal

in the horizontal potential well ab= wy, and(iii) a coherent Browmanﬁmotlon of the particles around their equilibrium

radial oscillation of all particles, the so called breathingpositionsr(t) (indexi corresponds to the particle numper

mode, atw=+3 wy. For screened interactionk=0), the ~ Wwas recorded.

frequency of the first two modes is unaffected since they do These thermal fluctuations were used to obtain the normal

not involve a relative particle motion. In contrast, the fre-mode spectra in the following manner: First, the particle ve-

qguency of the breathing mode and all other modes becomdscities v;(t) =Ar;(t)/At were obtained, wherat=0.04 s

dependent o and on the particle numbé\. corresponds to the temporal resolution of the camera. Sec-
The structure, dynamics, and phase transitions of 2D Cowsnd, the time series of the particle velocities was projected

lomb clusters with Coulomb or other types of interactiononto the direction of the normal mode vectors for each mode

have been extensively studied theoreticd®-4]. Experi- number{=1,...,2N. That means the quantity

mentally, the structure of dust Coulomb clustgg$] as well

as dynamic phenomerj,7] have been investigated. In these N -

recent cluster experiments, certain modes have been selec- Ue(t):_zl vi(t)-& ¢ (6)

tively excited by active external disturbances applied to the -

system. Klindworthet al. [6] have stimulated the intershell

rotation of N=19 and N=20 clusters by a pair of laser

beams, and Melzest al. [7] have analyzed the breathing and

“antisymmetric” modes in clusters withN=3, 4, and 7 par-

ticles by a pulselike modulation of the discharge power.
Here, simultaneous measurementalbfthe possible nor-

mal modes of finite clusters are presented. The normal mo

spectra are derived purely from the thermal Brownian mo- 2| (2 2

tion of the microspheres in the cluster. This technique, pre- Si(w)= _U vo(t)exp —iwt)dt| . (7)

viously used in experiments by Nunomus al. [8] on T -2

waves in “infinite” 2D plasma crystals, has been adapted

here for finite clusters. The normal mode spectra of differentf Nus from a single measurement of the thermal particle tra-

was calculated. Here.-:i'e is the eigenvector of particliefor
mode numbei describing its oscillation amplitude and di-
rection of oscillation. Thusy ,(t) is the contribution of the
thermal fluctuations to mode numbérin the time domain.
Finally, the normal mode spectra of each mode are calculated
on form of the spectral power density

clusters ranging fronN=3 to N= 145 under various plasma jectories the mode spectrum of each mddel, ... N are
conditions have been measured. In addition, different conderived. _ _
figuration states N;,N,, ...) have been investigated for  In the experimental analysis of Nunomueaal. [8] on

some particle numbers. The investigations were focused ofyaves in extended 2D crystals a similar technique was intro-
the energy(temperaturgof the different modes and the ef- duced, but there the particle motion was projected on the
fective particle interaction derived from these modes. In adwave vectorsk,k; parallel and perpendicular to the wave

dition, special modes have been collated between differergropagation direction, respectively, to obtain the compres-
cluster sizes and configurations and have been compared $wnal and the shear wave motion. For the case of the finite
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FIG. 2. Normal mode spectrum ofld= 3 cluster.(a) Particle trajectories over 1 mirtb) Normal modes of the cluster; the indicated
mode frequencie&% are normalized taw(z,lz. (c) Measured mode spectrum of the six modes. The spectral power density is shown in gray
scale. The circles correspond to the calculated mode frequencies.

C|usters' here, the eigenvectors of the normal m@%j’@$ake For x>0 the oscillation pattern of the eigenmodes is un-

that role, since the usual wave vectdﬁﬂsla cannot be as- changed. Their frequencies, however, decisively depend on

signed to normal modes oscillations. Consequently, the nolS€€ Fig. 3 As mentioned above, the frequencies of the clus-

. _ 2_ .
mal mode oscillations cannot be classified as pure shear 6’?; rotation (=2, »>=0) and the sloshing rr:o.de(i,(= 5.6,
compressional modes and other methods have to be appliedlss=2) are independent ok, whereas the “kink” mode

We will return to that point in more detail in Sec. IlI D. (£=3,4) and the breathing modé £ 1) show frequencies
that increase with the screening strength. This counterintui-

tive result can be understood as follows. With increasing
[ll. RESULTS AND DISCUSSION the radial positionr; of the microspheres in the horizontal

We will start the presentation of the results and their dis_confinement well is reduced, the clusters become smaller due
) . P . to the reduced Coulomb repulsion. With reduced distance,
cussion with the normal modes ofN&= 3 particle cluster to

illustrate the technique of mode spectra obtained from th the curvature of the Debye-ldlel potential increases more

thermal particle motion. The three-particle cluster is th(:strongly than the force, which in tum leads to the observed

: A . ‘increase of the mode frequency.
smallest cluster Wl_th nontnwgl eigenmodes. Then, we will For the three-particle cluster the dependence of the mode
address the questl_on of particle _and_ mode _tem_peratures ﬁ%quencies with screening strength looks very well behaved.
well as the properties of the particle interaction in terms of

. : .However, for clusters with largeN frequency crossing of
the particle charge and screening strength. After that, SIOec'%’ifferent modes can occur andgthe br(gathing;/ mode isgnot the
attention will be paid to clusters withi =19 and 20 particles ry'ghest-frequency mode any more
where we focus on specific modes, the breathing mode, an ; . :
the intershell rotation. In addition, the mode with the lowest In Fig. 2©), the measured mode spectrum is shown as a

and highest excitation frequency will be analyzed for cluster ray scale plot. Dark regions correspond to large power den-
with N=3 to N=145 particles. Finally, we like to gain a f|t|es (see color bar For comparison, the calculated mode

. ; requencies are also indicated by the circles. One can see the
complete overview over all the possible modes. Therefore

i - . . ver reemen ween the m r wer rum
the modes will be classified as either shearlike or compres—e y good agreement between the measured power spectru

sionlike. This allows us to study the transition from small
clusters to larger and to infinte systems.

A. N=3 particle cluster

First, the mode spectrum of= 3 cluster is shown for a
discharge power of 30 W. In Fig.(@ the trajectories of the
three particles over 1 min are shown. One can see that the
thermal fluctuations of the microspheres around their equi-
librium positions are small, but they are nevertheless suffi-
cient to determine the mode spectrum. The six eigenmodes
of this cluster as calculated from E@) are depicted in Fig.
2(b). There are the following modes: the breathing mode K
(€=1), rotation of the entire cluster’=2), a twofold de- FIG. 3. Calculated mode frequencies of the three-particle cluster
generate “kink” mode ¢ =3,4), and the two sloshing modes 55 g function of screening strength The modes are the breathing
(€=5,6). The mode frequencias? (in units of w§/2) are  mode ¢=1), the cluster rotation {=2), the kink modes {
also indicated fok=0. =3,4), and the sloshing mode€<£5,6).

(=T R A
\\ I
L 1 1
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12k the particle charges obtained for the different clusters for a
value of k=1. For all cases, a particle charge close to
11 00 is obtained with little variation with¢. The particle
10 charge also does not depend significantly on the plasma
N power.
25
> B. Particle and mode temperatures
% First, the effective temperature of the cluster can be ex-
3 tracted from the normal mode spectra. We therefore make
4 use of the relation
=

12 F

10 §

frequency (Hz)

‘||’u

""rz

f;se(w>dw=<v%> ®

that yields the mean square particle velocity of mode number
¢ from the power spectrum. In a 2D system the mode tem-
perature is related to the kinetic energy of the particles via

2N 1
E m<U€> 2 I(Tmode (9)

where the factor 2 is due to the two dimensionality of the
system. Consequently, we can assign an effective tempera-
ture Trodes = m(v2)/k to each of the modes.

i il |‘ 1" " For the three-particle clustéFig. 2(c)] it is already seen

! {1l from the intensities of the gray-scale plot that the different
4 [ ! modes seem to have comparable power densities and thus

i comparable temperatures. Indeed, the stored enefgyqe

=114 meV is the same for each modeithin 5% erro)

2 corresponding to a temperature Bf,qe— 1318 K. Since all

i ‘ the modes have the same temperature this means that the
0 L i ik ‘” principle of equipartition is fulfilled in this case.

50

100 150 200 250
mode number

For comparison, the particle temperatdig, derived di-
rectly from the thermal motion of the particles around their
equilibrium position is calculated vig2]

FIG. 4. Normal mode spectrum ofN=34 and aN=145 clus-

ter. The circles correspond to the calculated mode frequencies. 1

1
§m<vi2,a>: EkTpart,i- (10)
and the calculated mode frequencies. Thus, the measured
spectrum very well reflects the expected values. wherea=Xx,y indicates the two orthogonal directions in the
The calculated mode frequencies can be adjusted by thelane. The measured particle temperafifg.= 1328 K (av-
two parameters screening strengttand strength of the con- eraged over all particles and the two directipissvery close
finementwy. Agreement with the measured spectrum can beo the mode temperature. This confirms the values obtained
obtained in the range of 9x<2. Then, the confinement from the mode spectra. In this case, the measured tempera-
strength is found to bev,/(27)=1.3£0.2 Hz where the ture is decisively above room temperature.
error range is due to the range of Using these two values These findings are substantiated from the temperature
and the measured particle positions, the dust charge can lamalysis of clusters with various particle numbbisTable |
extracted using the definition of, in Eq. (2). The resulting also summarizes the mode and particle temperatures of the
dust charge ofZ=11000+1200 varies only little with various clusters. It can be easily seen that the mode and
screening strength. These values are in excellent agreemeparticle temperatures are very close to each other for all in-
with those obtained from active excitation techniqiiés vestigated situations. Moreover, the temperatures are always
This agreement is much more convincing when looking aabove room temperature, varying betwéea 333 K andT
clusters of much higher particle numbers as shown in Fig. 4=3176 K. Most of the clusters are found in a temperature
There the measured mode spectra are showlNfeB4 and range between 300 and 450 K. The temperatures are not
N =145 particles. Again, the agreement between the measorrelated with particle number, interparticle distance or dis-
sured and theoretical frequencies is very good. The resultingharge power. Nunomurat al. [8] report similar particle
values of the screening strengthand the dust chargesare  temperatures (440 KT<530 K) in a 2D extended crystal
the same as for the three-particle case. Table | summarizesder similar conditions.
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TABLE |. Mean mode temperatur€,,,q. (averaged over all mode numbefs-1,...,2N) and corre-
sponding standard deviation and particle temperalyg as well as dust charges for various particle
numbersN (together with their configuration statand discharge powerB. For clusters ofN=58 the
indicated configuration is not strict since structural transitions occur during the measurement.

N P/W TmoadK TparlK Zfor k=1
3 30 1318+ 63 1328 11100
5 20 1104+ 66 1122 11 000
7
(1,6 20 1170+ 43 1176 10300
12
3,9 20 448+ 60 398 11 600
12
(4,8 20 443+ 62 402 11100
16
(1,5,10 14 374= 270 391 11 200
19
(1,6,12 35 333+% 62 387 10200
19
(1,7,12 3 354+ 86 467 13700
20
(1,7,12 40 760+ 2000 662 7500
34
(1,6,12,15 23 3167+ 925 2886 11400
38
(2,8,13,15 23 554+ 161 535 12100
58
(1,7,13,18,19 47 684+ 405 575 11 300
59
(2,7,13,18,19 16 396+ 131 371 11 300
145
(1,6,12,18,24,25,28,31 32 349+ 143 408 10900

The observed additional heating above room temperature Breathing Intershell

is assumed to be due to stochastic charge and electric field
fluctuations which can lead to significant increase of tem-
peraturef 10].

N=19 19 20| 19 19 20

C. Analysis of special modes

In this section, we will focus on special type of modes and
will compare their behavior among different particle cluster
numbers and with theoretical predictions.

frequency (Hz)
w

1. Breathing mode and intershell rotation 1E

First, we analyze the breathing mode and intershell rota-
tion. As mentioned above, the breathing mode is a purely
radial coherent oscillation of all particles that is independent
of particle number ato,= /3w, for pure Coulomb interac-
tion. With increasing, the frequency of this mode increases
and very weakly depends on particle number. The intershell
rotation is a mode where inner and outer rings rotate with F|G. 5. Mode spectra of of the breathing and intershell rotation
respect to each other. We will dwell on these modes for thenode forN=19 in(1,6,12 and(1,7,11 configuration as well as for
specific case oN=19 and 20 particles. We thus revisit the the N=20 (1,7,12 cluster.

(er'o'n) +
(TR
(] WA)
o
(s
(] WA)

configuration
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BRN ST B B N
investigations of Klindwortret al. [6], who have intention- e ) ; R LT h)
ally driven the intershell rotation by a pair of laser beams in ' g] IR IPI

exactly this cluster pair. . )

This cluster pair has special interesting characteristics: F/G: 7. Modes of highest frequency obtained from the thermal
Due to the commensurate number of particles in the innef’°de spectra fofa) 5, (b) 7, (¢) 12 (3,9), (d) 19 (1,6,12, (¢) 19
and outer ring$6 and 12, respectivelyand the sixfold sym- (1713 () 34, (g) 59, and(h) 145 particles.
metry theN=19 (1,6,12) particle cluster is extremely stable
against intershell rotation and, thus, intershell mode frescreening strength of=0-5 is compatible with the experi-
quency should be relatively high. The=20 (1,7,12) cluster ments. .
has an incommensurate number of particles in the two rings. The intershell rotation mode shows a peak at about 1.2 Hz
Intershell rotation should be easily excited. It is thereforefor the highly ordered 19-particle cluster, whereas the incom-
expected that the corresponding mode frequency is small. If€nsurate cluster configurations show peaks below 0.5 Hz.
addition, the 19-particle cluster has a metastable state with Bhis confirms the above described behavior of these clusters
(1,7,19 configuration that is similar to the 20-particle systemWith @ high intershell rotation frequency for the ordered,
with an associated low-frequency intershell rotation. Forcommensuratel,6,12 cluster and the low frequency for the
pure Coulomb interaction the intershell rotation is the moddncommensuratéN=19 (1,7,1) and N=20 (1,7,12 struc-
with lowest frequency(besides the simple rotation of the tures. This is also in very good agreement with the laser
entire C|uster around the Symmetry axis I \= O) for N excitation of the Intel‘she” I’Otatlofﬁ]. These eX.peI’ImentS
<39[3]. verify the strong dependence of mode frequencies on cluster

The experimental results of the breathing mode and th&onfiguration.
intershell rotation for the three cluster configurations are
shown in Fig. 5. It is seen that the breathing mode is found at 2. Lowest-frequency modes
wy/(2)=2.5+0.2 Hz for all three clusters. With the value  |n this section, we wish to address the question of the
for the sloshing mode obvy/(27)=1.3 Hz this results in  |owest-frequency moded FMs) apart from the simple rota-
wp/wo=1.9=0.4 or in normalized unites=7.22=3. The  tion at w=0. Since we are able to extraali modes of a
theoretical normalized frequency d&§=7.4 atk=1 (com- particular cluster from the thermal mode spectra, the LFMs
pare the frequency of the breathing mode of the threeean be identified in the experiment. From simulations in
particle cluster in Fig. 8 However, due to the error range a clusters with pure Coulomb interactidB], it is found that
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clusters with a small number of particles exhibit intershell 100
rotation, whereas for higher particle numbers the formation_. 10
of vortex-antivortex pairs is found as the LFMs. 1r

Here, the LFMs are obtained for different particle num- = o1
bers from the measured thermal mode spectra. For that pur o.01
pose, the mean frequencies weighted by the spectral powe 6|

v,/

-O- shear
-8~ comp.

density of all modes are calculated, 5f T+ total
E 47
- J' wSy(w)dw §3
=, (11 g2
ng(w)dw 1 RS

and the minimum frequencybesides simple rotatignis 510 15 2 2% @ % 0 2 4 6 8 T w
identified. The resulting lowest-frequency modes are shown Mode number energy / unit frequency (meV/kz)
in Fig. 6 for different cluster sizes. Intershell rotation is in-  F|G. 8. Thermal mode spectra of the=19 (1,6,12 cluster(b).
deed found as the LFM for 12 particles, both in (8¢9 [see  Here, the modes are ordered according to the ratit of¥, . The
Fig. 6@] and (4,8) configuration(not shown, and for 19  corresponding values oF /¥, are shown in the upper plot vs the
particles in the incommensurate configuratidn7,1) [see respective mode numbéa). The right panel shows the spectrum
Fig. 6(c)]. integrated over the different modés. Here, “total” corresponds to
For theN=19 (1,6,12) configuration, the formation of a the summation over all 38 modes, whereas “shear” corresponds to
vortex-antivortex pair is observddrig. 6(b)]. This is unex- the sum over the 18 modes with the loly /W, ratio, and “com-
pected, since for pure Coulomb interaction, intershell rotapressional” to that with the high ratio.
tion is the LFM also in this configuratiof8]. However, the
vortex-antivortex pair becomes the LFM for finite values ofter the HFM is characterized by a localized relative motion
k. This is due to the fact that with the “harder” interparticle of three particle$the lower three particles in Fig(l)]. Such
potential at finitex the inner and outer rings are nested morea motion involves a strong change of interparticle distance
tightly and thus the corresponding intershell rotation fre-resulting in strong restoring forces and thus a high frequency
quency becomes higher and the vortex-antivortex formatiomf the mode. This localized three-particle motion is clearly
is obtained as the LFM. observed for the other clusters of higher particle number.
For 34, 58, and 145 particles, Figidp, 6(e), and &f) also  This becomes particularly obvious in the 12-particle cluster
the vortex-antivortex pair is found. In some of these casesvith its threefold symmetry. In the clusters with higher par-
(34 and 145 particlgsunexpected asymmetries between theticle numbers, i.e.N=34, it is seen that the strongest rela-
two vortices can be observed. This is certainly due to the fadlive particle motion is concentrated in the inner two rings
that the clusters in the experiment do not show perfect ordesnly. The outer rings are more or less motionless.
and even slight deviations cause differences in the mode Again, the 19(1,6,12 cluster plays an interesting role
structure. The formation of vortex-antivortex pairs is com-here. The mode that is identified as the HFM from the ex-
monly found as a very stable configuration in fluids. Thusperiments[see Fig. 7d)] is not the mode of highest fre-
larger clusters behave in some respects as incompressilj@ency from the calculations with pure Coulomb interaction.
fluids. It becomes, however, the calculated highest frequency mode
That intershell rotation and vortex-antivortex structuresfor « larger than a critical value ok of about 1. This is
are associated with extremely low frequencies becomes cleahother indication that the screening strength has a finite
when realizing that these mode patterns minimize the relavalue in these systems.
tive motion of neighboring particles. With only little relative
particle motion the restoring forces are small and the mode
frequencies are low. At higher particle numbers it becomes
more favorable not to maintain the rotation of entire concen- Finally, to gain overall insight into the behavior of the
tric rings of the cluster, but rather to split into two rotations cluster modes they will be classified as shearlike or compres-
around eccentric points, thus establishing the vortexsionlike modes here. In a two-dimensional infinite lattice two

D. Shearlike and compressionlike modes

antivortex motion. types of waves can propagate, the compressional mode and
the shear mode, where the particle displacement of the wave
3. Highest-frequency mode oscillation is along or perpendicular to the wave vector, re-

In a similar manner, also the highest-frequency mode§pectlvely The compressmnal mode does not involve any
(HFMs) have been obtained from the mode spectra. Théotational motion, thu& X v =0 for the particle velocities
HFMs as obtained from the experiment are presented in Fig2f this mode. Analogously, the shear mode conserves the
7. As already mentioned above, the breathing mode is thparticle density and, therefor&,-v =0 for the shear wave.
HFM only for very small clusters, i.e., for particle numbers Consequently, the compressior@hea) properties can be
N=5 in our experiments. Already for the seven-particle clus-extracted from the divergendeotor) of the velocity field.
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This technique has been applied, e.g., to the identification of 0.25

shear and compressional Mach cones in plasma crystals ° 1014
[11,12. 02} oooilﬁ@cg o ,?‘. {0.12

Due to the circular boundary of clusters, pure shear or 9o o o e 104
compressional modes do not exist there. However, the above 5 0.15 o ) & .
procedure can also be applied to clusters in order to separate (e} 33‘ %&7 1998 C;G
the compressional and shear contributions of each mode. 0.1¢g - 0 %o 40.06
This can be done by calculating the divergengg(() #.. p {004
=div¥(¢) and thez component of the rotol,(¢)=¢, 0.05 s &y ] ° ) I
-rotW(¢) of the field of eigenvectora for the different ® (] o Y, 1™
modes|3]: 00 1 L4 2 3 ; 0

2 1 . 2 ®
Vo) N ;1 Yai(0), (123 FIG. 9. Distribution of the roto®’, and the divergenc® 4 as a

function of the normalized frequency for the 68 modes oNa
1 N =34 particle cluster.
W(0)2=5 2 ¢i(e), (12b
=1 for the finite clusters the high-frequency peak is due to the
more compression-like modes and the low-frequency peak
where due to shear-like modes.
In order to check this conjecture the mode spectrum was
1 N - - .. summed over two different regions, the first 18 modes with
Yai(O) =11 mel (ri=rm)-[&(6) —en(O)]/|ri—rml% the lowest¥ 4/, ratio, which correspond to the more shear-
like modes, and the second 18 modes with the highest
LM W4/, ratio, which are more compressionlikeote that the
()= — c 7 S0 —a 72 two sloshing modes with undefined ratio are not considered
Yri€) M mzzl [(ri=rm) X [&i(6) —em( OV = ml*. here. The result is shown in Fig.(8). It is clearly seen that
the “shear” modes form the low-frequency peak and the
Here,m,M denote the index and number of neighboring par-‘compressional” modes establish the high-frequency peak.
ticles to particld. Thus, ¥ 4(¢) is the magnitude of the com- There is a clear separation between these two mode popula-
pressiona] contribution to mode, and \Ifr(f) to its shear tions. This is already obvious from the thermal mode spec-
part. For the two sloshing mode®,,=¥,=0 since they do trum, where the first 18 modes have low frequencies and the
not involve any kind of relative motion. The mode with the second 18 modegnode 19 to 3pclearly show a separated
highest¥ 4/, ratio is the breathing mode and that with the regime with high frequencies.
lowest is the simple rotation around the central axis followed ~Such a double-peak spectrutw) is found for all cluster

M

by the intershell rotation for small particle numbés sizesN=5, for the three-particle cluster a definite answer
cannot be given. However, the clearly separated shear and
1. Mode-integrated spectra compressional population is observed only for larger clusters

with 12 particles and more. For the smaller clusteMs<(7)

fhe shear and the compressional contributions are alike and
more evenly distributed over the frequency range. It can thus
be argued that crystal-like properties in the cluster arise

Bhen the cluster is larger than a critical particle number

which is between 7 and 12 from these experiments.

We start the discussion of shearlike and compressionlik
modes with the already widely discussét=19 (1,6,12
cluster. Figure &) shows the thermal mode spectrum of this
cluster, where the modes have been ordered according
their ¥4 /W, ratio. TheW4/W¥, ratio versus the mode num-
ber is indicated in Fig. @). It is seen that typical values for
the compression-to-shear ratio lie in the range between . e
V4/¥,=0.1and 2. Only the first modghe simple rotation 2. Transition o "infinite” systems
and the last “regular” mode, number 3®reathing modg The above finding of the relation between the critical
have a much lower and higher value, respectively. The lastluster size and the infinite lattice leads us to the question of
two mode number$37 and 38 have been assigned to the how the transition of a finite cluster to an infinite crystal
two sloshing modes that do not have a defideg/ ¥, ratio.  takes place in the view of the normal modes and waves in

In Fig. 8c) the thermal spectrum integrated over thethese systems. At high particle numbers the normal modes of
mode number, i.e$(w) =2S,(w), is presented. The “total” a finite cluster system must merge into the dispersion relation
S(w) spectrum, which is obtained by summation over all theof shear and compressional modes of a 2D lattice. This ques-
38 modes, shows a decisive double-peak structure with peak®n has been addressed here using the example of the cluster
at aboutf=1.8 Hz andf=3.4 Hz. Such a double-hump with N=34 particles.
spectrum is also seen in infinite” 2D crystals where the peak First, the distribution of the rotoW, and the divergence
of higher (lower) frequency was attributed to the compres- V¥, as a function of the calculated normalized frequendg
sional(sheay mode[13]. Thus, it can be speculated that also given in Fig. 9. It is seen that the rotor has quite large values
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ga /Tt incompressible and that low frequency excitations are vor-
texlike motions where the particle density is undisturp@&d
0 02 04 06 038 1 which is also seen from the discussion on the LFMs in Sec.
T T L T | 1 cC2.

To attack the transition from normal modes to a 2D dis-
persion relation, it is necessary to assign an effective wave
number to each cluster mode. This can be done using the
rotor and divergence. In plasma wave physics, the r@od
divergence operator is straightforwardly replaced by the
wave vector in Fourier notatiofi.e., VX ---—igx---).
Consequently, it is proposed here to identify the rofor
with the wave number of the shear wave and the divergence
V¥4 with that of the compressional wave.

Figure 10 shows the mode spectrum of Me 34 particle
cluster where the spectrum has been ordered according to the
wave number of the compressional moHg/¥ 4 ,.xand the
shear modeV, /¥, .« respectively(here, ¥, nax, Vg max
are the maximum values dof , , W, respectively. For com-
parison, the dispersion of the compressional and shear mode
of the 2D lattice wave withk=1 is also shown. For the
calculation of the theoretical 2D dispersion the quantities as
obtained from the experiment have been used. The theoreti-
cal dispersion scales with the dust plasma frequency

»

»

frequency (Hz)

N

for a charge number aZ=11000 and an interparticle dis-
tance ofa=680 um.

It is seen that the agreement between the normal mode
“dispersion” and the lattice wave is quite remarkable for the
compressional mode. Note that this comparison does not in-
clude any adjustable parameters. For the shear modes the
agreement is quite good for the higher wave numbers
W /W, max>0.7. At medium wave numbers 0.4
<V [V, max<0.7 a branch with somewhat higher mode fre-
guencies exists that is not explained by this comparison. Very

0 : : similar results with a very good agreement of normal modes
0 02 04 06 08 1 with the wave number and the 2D lattice dispersion are also
¥/ found for other clusters, e.gN=19 andN=145.
r r,max It seems that thisd hocassignment of the rotor and the
) _ divergence to shear and compressional wave vectors is a

FI_G. 10_. Mode spectrum of a cluster with 34 partlclgs aS agood working model that indeed can relate the cluster normal

function of its effective compressional and shear wave nurtileer modes to the wave propagation in a 2D lattice. However, a

W/ Wamax andW; /W may). For comparison the dispersion rela- v etical treatment of this scenario has to be developed.
tion of the compressional and shear wave in an “infinite” 2D crys-

tal with k=1 is also given as a function afa/ 7 (solid line).

»

frequency (Hz)
N

N

IV. SUMMARY AND CONCLUSIONS

at low frequencies with a broad maximum arousd-1.5 Experiments on the normal modes of 2D finite Coulomb
and then gradually drops with increasing frequency. In cong¢lusters in a complex plasma have been performed. The nor-
trast, the divergence is very small at low frequencies ananal modes have been obtained from the thermal Brownian
increases to a maximum aroung=3.2. These two maxi- motion of the particles around their equilibrium positions in
mum frequencies coincide with the shear and compressiothe cluster. This technique thus extends the thermal excita-
maxima of the double-humped integrated mode spectruntion technique of Nunomurat al. [8] in a 2D lattice to the
S(w). From this figure, it also becomes obvious that highercase of Coulomb clusters. This technique has been illustrated
Y4/¥, ratios(the more compressional modese found at  with the simple case of a three-particle cluster and has been
higher frequencies. The fact that at low-frequencies the rotoapplied to various cluster sizes and cluster configurations
is much larger than the divergence means that the system ismder different discharge conditions. It has been found that
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the energy in the modes is evenly distributed among thd9-particle cluster, however, is an exception in that here the
modes, thus the principle of equipartition holds here. Thevortex-antivortex formation instead of intershell rotation was
temperature deduced from the mode energies varies betweépund. This requires a “harder” interaction potential than
300 K and 3000 K. The additional heating above room tem{ure Coulomb which hints at finite values of the screening
perature is assumed to be due to stochastic fluctuations &frength, i.e.x>0.

discharge parameters. The mode temperature is also in excel- Third, also the highest-frequency modes have been ana-
lent agreement with the temperature directly obtained frondyzed. For small clusters, the breathing mode with a coherent
the random fluctuations of the particles around their equilipY@dial motion of all particles is the HFM. For larger clusters,
rium. modes with a relative three-particle oscillation localized in

From the analysis of the normal mode frequencies thdn® center of the cloud provide the highest frequencies.
interaction between the particles can be described by gain, from the behavior of théi =19 cluster, the screening

Yukawa interaction with a screening strengthbetween 0 Strefﬁgth can be estimated to ke 1. . .
and 2 and particle charges Bf= 11 000 elementary charges. Finally, the modes have been classified as shearlike or

These values are in perfect agreement with previous mod%ompressionlike using the_rotor and the divergence of the
excitation measuremengg] and also direct wave excitation individual cluster modes. It is observed that all clusters show

by | techni 4-16, and two-particl llisi ~a double-humped m_ode—integrqted frequency speptrum
pzri;S:r:t;lcﬂn'queEl 6, and two-particle collision ex S(w). For clusters with 12 particles or more the high-

Since the thermal motion technique allows to determine{requency peak is due to the compressional modeg and the
all cluster modes simultaneously the behavior of Speciaow—frequency peak due to the shear modes. Thus, it can be

modes can be compared in different cluster sizes and Corr'rgrgued that crystal properties become visible or dominant at

figurations. First, the breathing mode and intershell rotatiorf!USter sizé oN=12.

have been analyzed for the 19- and 20-particle clusters Wherﬁ Ths trans&t_log ;rom cLusters to cpntanlmehZD crystallls ca(\jn
the 19-particle cluster can have either a “magic number” ordiso be studied from the comparison of the normal mode

an incommensurate configuration that is similar to the 20SPectra with lattice waves. Therefore, a shear and compres-

particle system. It has been found that the breathing modé'or('jal V\lla\ae _number dh_as been ?sygned to thle dg‘fe:]ent
spectrum shows very similar frequencies for these clustef© esl. n dom% so,ba |sp§rs_|0ndo Tcr(])_mpressuljna gn d's ear
configurations, whereas the intershell rotation frequency i£°'Mal modes has been obtained. This normal mode disper-

highest for the highly symmetric 19 cluster and close to Zerosion has been compared to the dispersion relation of lattice
waves and a remarkably good agreement has been observed.

for the two incommensurate configurations. This clearly lusion. thi b . N b
shows the strong relation between cluster configuration anH1 conclusion, this wave number assignment seems 10 be a
working model to relate the finite cluster modes to the con-

normal mode frequencies. : )

Second, the modes with the lowest frequency have beefiluum lattice waves.
identified for different cluster sizes. For small particle num-
bers the intershell rotation has been identified as the LFM,
whereas for larger clusters the formation of vortex-antivortex Helpful discussions with I. SchweigefNovosibirsk, F.
pairs were observed. This behavior is generally within thePeetergAntwerp) as well as with M. Klindworth and A. Piel
theoretical expectations for pure Coulomb syst¢BisThe  (both University Kie) are gratefully acknowledged.
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