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Particles in dusty plasmas are often confined to a quasi-two-dimensional arrangement. In such layers—
besides the formation of compressional d@imdplane shear waves—an additional collective excitation may
also show up, as small-amplitude oscillations of the particles perpendicular to the plane are also possible. We
explore through molecular dynamics simulations the prope(fiastuation spectra, dispersion relation, Ein-
stein frequencyof this out-of-plane transverse mode in the strongly coupled liquid phase of Yukawa systems.
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Layered structures of charged particles are well known to Q? exp(-r/\p)
occur in particle trapg1] and complex — e.g., dusty— ¢(r):47780 r : (1)

plasmag?2]. Depending on the conditions of the experiments
these systems often exhibit structural changes. The structurlilis noted that in experimental papeasoften denotes the
phase transitions in one-dimensioriaD) and 2D systems, distance of nearest neighbors, in contrast with the present
relevant to particle traps, have theoretically been studied bglefinition. _ _
Dubin [3], while Totsuijiet al[4] investigated the formation !N our quasi-2D system the particles can freely move in
of layers in Yukawa systems confined by a one-dimensiondi€ (.Y plane while a confinement potentil(z) =z acts
force field. upon them when they are displaced from #¥0 plane; see
The properties of waves in therystalline phase of 2D Fig. 1. The confinement force is given in the form
(_single layey Yukaw_a systems have_ thoroughly been inves- F,=-f,Cz, 2)
tigated both theoretically and experimentglb}. The collec-
tive excitations in 2D Yukawdiquids have recently been Wwhere the amplitudd, is the third characteristic parameter
studied by Murillo and Gerickgs] and by Kalmaret al.[7].  Of the system. The constaais set in a way that aft,=1 the
The ideal 2D systems exhibit two collective modes: the com<confinement force at a “vertical” displacementa equals
pressionallongitudinal, £) mode and the sheatransverse, t_he absolute value of the force between two Coulomb par-
7) mode. While the previous studies addressed only the cadises separated bg—i.e., F,(z=a)=-Q*/4meca’. _
of an ideal two-dimensional layer, the present study is de- Ve follow the motion of particles by molecular dynamics
voted toquasi-two-dimensionadystems where the particles Simulation based on the particle-particle particle-mesh
form a layer of finite width. Such a situation is found, e.g., in(PPPM algorithm[13], modified for the Yukawa potential.
dusty plasmas, where the particles in the layer are Ievitateghe. S|mulat|on domain |.s.athree—d|mer.1$|onal cubic box with
due to the balance between the gravitational force and th@enodm boundary conditions. The box is, however, only par-

electrostatic force originating from the sheath electric ﬁeld'\tll\laﬂ:z:/hﬁlﬂgg \;v[[t:efna:gﬁhiuoe tlgntg(zseﬁ%rvr\;ﬁliﬁ?:?flnf rlr:lent,
(On the other hand, our system is still idealized due to th P P 9.

. . $he PPPM method the interparticle force is partitioned into
neglect of effects such.as lon waKes) tha.lt appear in dusty (i) a force componeripy, that can be calculated on a mesh
plasmas. In the one-dimensional potential well formed by

. . : the “mesh forcef and(ii) a short-range forc€pp, Which is
the confinement the particles can also move perpendicularl : . .
0 be applied to closely separated pairs of particles ¢ioly

to the plane. The aim of the present Rapid Communication i : ; .
to explore the properties of the additionédut-of-plane O'€ details segl3]). This way the PPPM method makes it

transverseP) collective mode associated with this type of
motion, in thestrongly coupled liquid phasef the system.
Studies of this mode iplasma crystalhave recently been
reported by Qiao and Hydd0]. It is noted that in the case of y
1D Yukawa chaing11] the corresponding mode has been V()
referred to as an “optical” modg.2]. ki _6
An ideal two-dimensional system can fully be character-
ized by (i) the plasma coupling parametér=(Q?/4me,)
X (1/akgT) and(ii) the screening parametera/\p, where
Q is the charge of the particleg; is the temperaturea
=1/\Vnm is the Wigner-SeitzWS) radius,n is the areal den- FIG. 1. The 1D paraboli¥/(z) potential confines the particles in
sity of particles, and\p is the Debye(screening length of  the vicinity of the shaded regiofquasi-2D plang of the cubic
the Yukawa potential: simulation box.
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possible to take into account periodic images of the systenr 28 UL

(in the PM pary, without truncating the long-range Coulomb I 5 k= T

or low-x Yukawa potentials(For high « values the PP part 5 20 P T NE

alone provides sufficient accuracy; in these cases the mes [ S 0.80
. . . . 4 15| oo 4

part of the calculation is not usgdlhe equations of motion . | o

of the particles are integrated using the leapfrog scheme%s 3 0

with a typical time step olwysAt~1/40, wherew,; is the g | :

three-dimensional plasma frequen@pte that the particles

move in 3D space The number of simulation particles is 1 0%

chosen to béN=1600. This systems size proved to be suffi- 00
ciently large, as verified by checking calculations ushig Lo [ I T T
=6400 particles. The desired system temperature is reache -0 05 00 05 10 10 05 00 05 10
by rescaling the particle momenta during the initialization z/a z/a

phase of the simulation. The system temperature does not

show an observable drift during the subsequent measurement, aiized ag'F(z/a)d(z/a)=1]. (@) Dependence on the strength

phase of the simulation, following the initialization period. ¢ .onfinement af"=100 andx=0.27 and(b) dependence o at
The measurements on the system are taken at constant V%nstantfoz 1.0.

ume (V), particle numbekN), and total energyE). The re-

sults are presented fdf=100 and for a wide range ot et al. [4]), as illustrated in Fig. @). Our further studies of

values. The system is in a strongly coupled liquid phase fothe dynamical properties concern the domain of parameters

the whole domain of the parameter values studied here. When asingle layeris formed. At a higher number of layers
Information about the(thermally excitegl collective the mode structure is expected to be more complicated

modes and their dispersion is obtained from analysis of thé15,16 but this is not within the scope of the present paper.

FIG. 2. Density distribution of particles along ttzedirection

correlation spectra of the longitudinal afid-plane as well Representative current fluctuation spectra for all the three
as out-of-plang transverse current fluctuationf\(k,t), (£, P, and7) modes are illustrated in Fig. 3, fdf=100,
(k,t), and(k,t), respectively: k=0.27 andx=1.33, andf,=2.0. The frequency is normal-
ized by the nominal 2D plasma frequencywg
NTED o (Oexplikx (0], =(Q?n/2egma)’?, wherem is the mass of particlegNote
i

that wy may also have different definitions in other woiks.
Considering theZ mode, we can observe sharp peaks in
the L(k, w) spectra, as in the case (@deal) 2D Coulomb and
nkt) =k vy, (Dexdikx ()], Yukawa system$6,7,17. Peaks in thel mode spectrgsee
i Figs. 3e) and 3f)] show up only above a certaiutoff)
wave number, similarly to the case of 3D Yukawa systems
— _ oy [18]. The P mode posseses a finite frequencykat0. At
(k.0 k; vidtyexpilog(0)], ® small wave numbers the peaks of the spectra shift to lawer
as k is increasedk=ka). The width of the peaks of the
wherex; andv; are the position and velocity of thi¢h par-  p(k,w) spectra narrows af, is increased, which is an indi-
ticle. Here we assume that k is directed alongxfais[the  cation of an increasing lifetime of this collective excitation.
system is isotropic in théx,y) plang and accordingly omit  The dispersion relations derived from the spectra are dis-
the vector notation of the wave number. The data are storeglayed in Fig. 4 for different values df, and x. The plasma
and subsequently Fourier analyzddl] for a series of wave coupling parameter iE=100 for all the graphs. At constant
numbers, which are multiples &f,,=27/H, whereH is the  «, as shown in Fig. @), the frequency of the out-of-plane
edge length of the simulation box. transverse mode changes significantly as the strength of the
The number of layers formed in the system depends o@onfinement forcd, is varied. TheZ and7 modes are rela-
the strength of the confinement. Figur@2shows the distri-  tively unaffected by the value df,. The frequency of these
bution of particle density along thedirection,F(2), for dif-  modes is somewhat smaller &=1.4, which is near the
ferent strengths of confinemeity), I'=100, and«=0.27.  |ower bound off, for the formation of a single laydsee Fig.
We observe the transition from a two-layered configuratiorg(a)]. It is noted that at lowef, values, when two layers are
to a single layer afy=~1.4. Due to the finite temperature of formed, two longitudinal and two in-plane transverse modes
the system, the layers do not resemble crystal pléitesin appear, similarly to those identified in the classi@deal
ion trap experimenysbut they are rather broad. Ap=1.4  bilayer system[15]. Additionally, two out-of-plane trans-
the width of the layer is=0.86a (at half of the maximum of verse modes are also formed in the two-layered system,
the distribution. Doubling the amplitude of the potential re- which are also believed to be in-phase and out-of-phase
sults in a width 0.1& When the repulsion between the par- modes(when particles in the two layers oscillate in phase or
ticles decreases at highar values, the potential with the with a phase difference of 180° in the two layershe £
same amplitude results in a stronger confinement. Thus, withode exhibits a quasiacoustic behavior, with a linear portion
increasingx the number of layers, or the width of the single of the dispersion curve arourid=0, which widens with in-
layer, decreasd@ agreement with the observation of Totsuji creasingk, as can be seen in Fig(). The7 mode shows an
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FIG. 3. Spectra of current fluctuation of tiemode (a),(b), P NG
mode(c),(d), and the7 mode (e),(f). k=0.27 for(a),(c),(e) and « > YQ::""“ Ty
=1.33 for(b),(d),(f). (a),(b),(c),(d) show the spectra for eight differ- L T 1 1
ent wave numbers, multiples of the smallest wave numiber
=2ma/H=0.0886; the arrows show increasikgalues.(e),(f) show
the T(k, w) spectra for higher wave numbers, indicated in the plots.

FIG. 4. Dispersion of theC, P and 7 modes atl’=100. (a) «

. . . . . =0.27 and different values of the confining force amplitdgend
acousticw~k dispersion, with a cutoff at a finite wave num- (b) f,=2.0 and different values of the screening parameter

ber.

For the ? mode dv/dk<0 in the k=2.1 domain. The \yhjle all other particles are in rest in the=0 plane. The

frequency of the _mode slightly increases towards highefqce s the sum of the confining force and the force due to
wave numbers. Ak=0 the whole Iayer_oscﬂlgtes in unison in  yepyision of the other particleB(z) =—f,cz+F,(z). TheF.(2)
the potential well with a frequency(k=0)=vfoc/m, which o5 isive force can be calculated Bgz)=—aV,/dz, where

gives B V,(2) is the potential distribution due to a charge distribution
ok=0) = \@ (4)  p(x,y) in the z=0 plane. In our calculationp(x,y) is ob-
aEained either from the radigkD) pair correlation function
PCB or by taking the particles at hexagonal lattice sites in
smallero(k=0) and w(k— ). At a constanf, the value of o ;- plane. TheF,(z) force was found to be a nearly
(k=0) does not change wheis varied, but—as shownin a4y function of the displacement in the |7/ <0.3a do-
Fig. 4b)—w(k>0) increases with increasing This is ex-  main where the particle displacement is expected to fall. The
plained by the decreased interparticle fola an average resylting (Einstein frequency(when the particles in the
particle separationat higherx. The dispersion properties of -q plane are situated at lattice sités
the P mode are rather similar to the corresponding collective
mode of a linear chain of particlg41]. wg _ wk—o) \/fo— 1.63 exp— 1.37)
The frequency of the out-of-plane transverse mode at high s = 2 :
wave numbergk— o limit—in other words, the Einstein
frequency[19]) can be calculated by considering the forcesin the case of using the disordered configuration inzh@
acting upon a single particle displaced in thealirection, plane instead of lattice sitgthrough PCF’s obtained in the

®o
A decreasing confinement force amplitude results in

(5)

(0] o
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20 excitations with the smallest wave numbers can propagate a
| distance comparable to, or longer than, the size of the com-
putational boxH). These modes could, in principle, feel the
15 finite size of the computational box. However, calculations
| carried out with 4 times higher particle numb@t=6400
° give the same dispersion relations within the limit of errors,
S 1or as those usin@=1600 particles.
g" 5 In conclusion, we have studied the spectra and dispersion
characteristics of collective excitations of strongly coupled
05 Yukawa liquids confined by an externélD) parabolic po-
5 tential, in the domain of the system parameters where a
single layer with finite width is formed. In addition to the
0-000 well-known longitudinal (compressional and (in-plane

transverse modes, which exhibit the same behavior as ob-
o(k=0) / o, served in ideal 2D systems, we explored the properties of the
out-of-plane transversg®) mode. TheP mode was found to
~ FIG. 5. Einstein frequency of out-of-plane oscillations as a func-haye(i) a finite frequencyw(0) atk=0, being defined by the
tion of w(k=0)/wy, for different values ofc. amplitude of the confining potentialj) a negative e/dk at
liquid state simulations a frequency very close to that given smallk, which, however, changes to slightly positive above
by Eq.(5) is obtained. Figure 5 shows the Einstein frequencyk~ 2.1; (iii ) a weaker dependence ofon k with increasing
(5) as a function otu(k=0)/w,. At low values ofx the value . (in the limit of high screening valuas becoming indepen-
of wg is significantly lower thanw(k=0). In the highx limit dent ofk): and (iv) an Einstein frequencywg), which, at

the two frequencies are equal, as the screening becomes vegia|| screening, is significantly smaller thaf0), but in the
strong and the particles interact very weakly. In this case thﬁmit of high screeningwg=w(0).

frequency of the? mode becomes nearly independentkpf

as can actually be seen in Fighbat Support through Grant Nos. OTKA-T-34156, MTA-NSF-
The lifetime of the collective excitations is inversely pro- OTKA-028, NSF-PHYS-0206695, NSF-INT-0002200, and

portional to the widths of the peaks of the current fluctuationDE-FG02-03ER54716 is gratefully acknowledged. Z.D.

spectra(shown in Fig. 3. Our results indicate that only the thanks G. Band for his comments on the manuscript.
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