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Wave spectra corresponding to the random particle motion in a monolayer Yukawa crystal were studied for
various directions of propagation. It was found that there are two wave modes with a polarization alternating
between the longitudinal and transverse. In the long-wavelength regime, the modes became purely longitudinal
and transverse as was known before. In the short-wavelength regime the spectra strongly depended on the
wavelength and the direction of propagation. The results obtained from the experiment, theory, and simulation
agreed well with each other.
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Complex(dusty) plasmas consist of submicron to micron  To observe the particle motion, the lattice is illuminated
sized particles immersed into an electron-ion plasma. Théy a horizontal thin(0.2—-0.3 mm sheet of laser light and
particles charge up and interact strongly with each othewiewed from the top window. The images from a digital
When their potential interaction energy significantly exceedyideo camera are recorded for several seconds at 33 frames/s.
their kinetic energy, complex plasmas can form orderedJsing an image processing software, the particle positions
structures or exist in a crystalline stdte-4]. Such crystal- are identified and traced from one frame to the next. The
line structures can be easily observed with a video camerBarticle velocities are calculated from their displacement in
and used as a macroscopic model system to study waveldvo consecutive frames.

phase transitions, and other microscopic phenomena at a ki- /N our crystal, the particles always exhibit random motion
netic level[5]. around their equilibrium positions. The fluctuation amplitude

Waves in a two-dimensionalD) Yukawa lattice were IS typically a few percent of the particle separatanThe
analyzed theoretically in Ref§5—8]. It was found that there particle velocities have a Maxwellian distribution. We deter-
are two wave modes: Iongitudin-al and transverse. Thes ine the crystal kinetic temperatufefrom the width of this

modes were observed experimentally in Ré810] using istribution to be 0.055 eV. : : .
o : In order to analyze the particle random motion we Fourier

laser excitation. This method, however, produced only Waver ansform the particle velocity field(x,t) both in the direc-
with long wavelengths. Observing naturally excited thermal '
motion of the particles allows measurements of the disper-
sion relations for short wavelengthtl]. top window

The dispersion relations in Reff9—11] were measured
only for the waves propagating along the main crystalline
axes. While the elastic and long-wavelength properties of a
hexagonal lattice are isotropic, it is known that the short-
wavelength waves are strongly anisotroprc8,12. In this
paper we report results on the dispersion relations and polar-
ization of the thermal waves for different directions of propa-
gation in a hexagonal Yukawa lattice experimentally, theo- @)
retically, and using a simulation.

The experiments are performed in a capacitively coupled e
rf discharge(Fig. 1), which is similar to the apparatus of Ref. camera
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13]. A plasma is generated by applying a rf power of 2 W at
[13]. Ap g y applying a rf p laserabiec ]
—_—
at STPB to achieve the working gas pressure of 1.0 Pa in the

chamber.

tively in the plasma and levitate in the electric field of thev cuum chamber is equipped with a rf electrode 200 mm in diam-
plasma sheath above the lower electrode. They are confineg, Tthe voltage is applied between the electrode and the
down by the gas drag, they form a monolayer hexagonaihove the lower electrode. The optical access is provided by four
lattice. The particle suspension 47 cm in diameter and side windows and a top windob) Oblique view. The particles are

13.56 MHz to the lower rf electrode. An argon gas flow is
regulated at a rate of 1.8 SCC(dubic centimeter per minute I I

We introduce plastic microspheres with the diameter of
8.9+ 0.1 um into the plasma. These particles charge nega- FIG. 1. Sketch of apparatuga) Side view. The aluminum
radially in a bowl-shaped potential formed by a rim on the . ndeq chamber creating a plasma. Spherical particles charge
outer edge of the electrode. Once the particles are coolegkgatively and form a monolayer levitating in the plasma sheath
levitates at a height o9 mm above the lower electrode. illuminated with a sheet of a doubled Nd:YA@ttrium aluminum
The mean particle separatienis 780 um. garnej laser(532 nm and viewed from top with a video camera.
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tion of the wave propagatior and in timet, producing the obtain an analytical solution for the polarization of two dif-
phonon spectra ferent branches of the dispersion relation.
noon In order to solve Eqgs(3) we introducers=Rg+ o,
2 E E v(x,t)expk-x— wt)AxAt, (1) where drg is a small deviation from the static equilibrium
LoTo =0 f= position of the particldRs. We then solve the linearized sys-
tem of equations for harmonic motiodr ;=& ,exp(k-Rs

wherek and o are the wave number and the angular fre- —iwt) obtaining the equations for the phonon spectrum
guency of the wave), andn; are the numbers of data points

in space and timel,, and T, are the lengths of the field of o(0+i V)& o= Dy wiot Qeondico— (FIMES,  (4)
view and the recording period, respectively, akxl and At
are the distances between the data points and the time mtewhereDk » 1S the dynamics matrix which describes the linear
val. The wave polarization is taken into account by discrimi-response of a Yukawa system arfdnf) . is the accelera-
nating between the longitudinad (x,t) and transverse tion produced by the excitation force. The components of
v, (x,t) velocities, which are the velocity components paral- Dk can be written as
lel and perpendicular to the direction of propagation. We

=a— DY) =a+ Dy, =D{,=
measure the phonon spectra at various directions of the wave ko B ko B ko
propagationd with respect to the crystal lattice by suitably
selecting the direction of the axis.

Formula(1) takes into account that our dafaarticle po- N )
sitions are randomly spaced, and therefore the resolution of “:QiE e Kysif(k-R/2),
this technique is determined by the resolution and the frame
rate of the camera and tracing software, not by the particle

Vk,m

where the coefficients, B8, andy are

B=022 e *K4[(RZ—R%)/R?]sirP(k-R/2),

separation.
From the Fourier amplitude of the particle velocity ,,
we calculate the density of phonon eneiy, . In order to y:QiE e‘KK3[2RXRy/R2]Sin2(ko R/2), (5)

get the absolute value of the energy it should be normalized
by the volume in k,w, 6) space. We also normalize the pho-
non energy by the particle kinetic temperatdre
2 _N2 3
Ey.o=mV2,/2k606KSwksT, 2 Q2 =Q%(mhp),
Ki=K3+K 2+K™1, K3=3K 3+3K 2+K™L

with the parameters
K= R/)\D f

where 60, Sk, and dw are the resolutions of our Fourier

method inf, k, andw, respectively, anég is the Boltzmann  The sums in Eqs(5) are calculated over the indicesandgq
constant. The normalization factor is constak¢ékéw  which represent the particle positionB,(Ry) in an infinite

=0.0597 mm?s ', under our experimental conditions.  hexagonal lattice
The theoretical modelis based on the 2D equations of
motion szap\/§/2, Ry=a(q+p/2), R=a\p’+0q°+pq,
=flrfSonty finty gexc, wherea is the particle separation.

The general solutiody , of EQs.(4) is

fr_ . conf_
fg =—murg, fg chonfrs’

&= 2 el lel, ({16, ®)
fM=—VU,, Us=Q%X rlexp—rg/p), (3 o

e where G, ,=(Q3 ,+ Q2% —w —ivw)*l, and two pairs of
wherem is the mass of the particles,is the particle coordi- eigenvector (1 2) and eigenvalue§)? 1,2 of the dynamic ma-

nate with the subscripts andj denoting different particles, trix D, , represent two different branches of the dispersion
ffr is the friction due to collisions with neutralEpstein  relations. The dependenci€k, k) are our theoretical dis-
dra@ fS°""is the confinement force due to a parabolic po-persion relations. They do not take into accoqt ,; and v,
tential, f'”t is the grain-grain interaction forcd;*® is the  which are negligible in the experiment.
external excitation forcey is the neutral damping rate) .ons Making a transformation from Cartesiag,(y) to cylin-
is the confinement parameter of the parabolic welis the drical (p,¢) coordinates we ggB=p cose¢, y=p sin¢, and
grain-grain interaction screened CouloiMokawa) potential ~ therefore
energy,Q is the particle charge;=|r;—r;| is the intergrain (1) _ 2_
distance, and p is the screening]; Iength.J =(singl2,cos¢/2),  Qi=atp,

In the absence of external excitation forces, the lattice e(KZC)OZ(COSwz'_Sm ®12), Q%:a_p_
would relax to an equilibrium state and cool down due to the ’
neutral drag. We assume thigt® is random and of a small (), corresponds to the high frequency branch if the branches
amplitude, so that it causes a very small displacement of thare not degenerate. The eigenvectors determine the polariza-
particle to which it is applied. This assumption allows us totion of the dispersion branches. They are neither parallel nor
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FIG. 2. Phonon spectra of thermally excited waves in the first and second Brillouin zone at different angles of progagafihn,
experiment ande)—(h) simulation. The theoretical dispersion relations are superposed: dottethiljefrequency mode,,) and dashed
line (low frequency modew,). The normalization constanb,=Q/\/ma’. The dispersion relation is periodic for 0° and 30° but it is
aperiodic in generali) Phonon spectra of the waves propagating at 15° measured experimentally. The high and low frequency branches
have mixed longitudinalj) and transversék) polarization.(l) Polarization of the high frequencyP() and low frequency ;) modes
predicted by the theory. At low wave numbeteng wavelengthsthe high frequency mode is purely longitudind,(=1), and the low
frequency mode is purely transverd® £ 0). At an arbitrary wave number the modes have mixed polarization.

perpendicular ti& and their orientation changes with Note These results are for an infinite lattice. However they are
that the eigenvalue$)?,>0 and therefore the lattice is applicable for a finite cluster iRo>\,, whereR, is the
stable. cluster radius ana ,«1/v is the damping length. The damp-

The polarizatiorP is calculated from the general solution ing length is smaller for shorter waves making them more
[Eq. (6)] by taking the longitudinal and transverse compo-local.
nents and averaging their absolute values over the orientation We also modeled the 2D complex plasma usingalecu-

of the random excitation force: lar dynamics simulationThe method is based on the 2D
| equations of motiofiEgs.(3)]. They are made dimensionless
(1€2092) = | (M) P|G 4|+ (1— P)|G,l21/2, using parameters, and T, = \m\3/Q? and solved with a
trans ) ) , sixth-order Runge-Kutta integration method taking into ac-
(IEans2) =|(f/m) [ (1— P)| G4| 2+ P| G| 2]/2, count the interaction of every particle with every other one.

A 2D cloud (721 particlegis placed in a conflnement poten-
where P= (e{}) k/k)? is the polarization of the first branch tial with the confinement parameté} =2 s *. We as-
and (1-P) of the second. The polarization changes in thesume a particle charg®=1700@, a screening parameter
range between 0 and 1. The zero value corresponds to the=a/\p=1, and a damping constagt=1.37 s'1. The pa-
purely transverse polarization, while the unity corresponds tsameters of the simulation are selected to match those of the
the purely longitudinal wave. experiment. The lattice is equilibrated by running the code
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for a sufficient number of time steps, and then the randon2(i)—(l), which show the spectrum fof=15°. The total
excitation force is applied. The phonon spectra are obtainespectrum[Fig. 2(i)] has two branches: high and low fre-
for the central homogeneous part of the lattice with thequency. We plotted the parts of this spectrum corresponding

method described aboVé&gs. (1) and (2)]. The lattice ki-
netic temperature of 0.058 eV, obtained in the simulation
closely matches the experimental value of 0.055 eV.

We now discuss our measurements, the theory outline

to the longitudinal[Fig. 2(j)] and transversgFig. 2(k)] po-
larization (mode separately. The branches break, indicating
that the polarization alternates between longitudinal and
fransverse. The polarizatid? calculated from the theory, is

above, and the simulations. Tlkeaxperimental phonon spec- Plotted in Fig. 21). As mentioned earlieR =1 indicates that
tra of the thermally excited waves are shown in gray scale if€ wave is longitudinal. The waves are purely longitudinal

Figs. 2a)—(d) at different propagation angles. Figureg)2
(h) show the corresponding simulation results. The dashe

or transverse only in the long-wavelength reginke£ 7).
For ka=  the waves have mixed polarization. Mixed polar-

lines represent the theoretical dispersion relations. Th&ation means that the individual particles do not move just

propagation angl® is measured with respect to one of the
main crystal axesglattice inset in Fig. #)]. The hexagonal
lattice has two main axes &#=0° and at§=30°. The

along or across the wave vector. It implies that the particles
move on elliptical orbits or on lines inclined to the direction
of propagation.

angles in this range cover all possible directions in the crys- The data a®/=0° [Figs. 2a),(¢)] reproduce the result of

tal due to its symmetry.
The spectra in Fig. 2 are plotted for the wave numbers

Ref.[11] and extend it into the shorter wavelengtlterger
wave number&). There is no mixed polarization in the case

extending into the second Brillouin zone, which correspond®f @ wave propagating along one of the main axes. The high

to wavelengths smaller than the particle separa#ioithis

frequency branch is longitudinal and the low frequency

would not make any sense for a linear chain, which can onl\eranch is transverse up to their crossing point. Thenathe

sustain waves with wavelengths longer thaa, 2Zneaning
that the spectra witka> 7 are artifacts of the Fourier trans-
formation and repeat periodically. This is different for a 2D
lattice. If, for example, ab=0° we project all the particles

branch becomes transverse and éhebranch becomes lon-
gitudinal up to the next crossing point, where they change
polarizations back again. This corresponds to the known lon-
gitudinal and transverse modgs9—13. If the wave propa-

on the direction of the wave propagation, the distance bedates along the second main axisdat 30°, the high fre-

tween these projections will ba/2. The spectrum in this
case Figs. 4a),(e)] extends up t.ka= 2. Another periodic
spectrum is produced &&= 30°. The particle projections are
spaced by/3a/2 producing a spectrufiFigs. 2d),(h)] up to
ka=27/+/3. This spectrum is identical to the one for a lin-
ear chain[14] with particle separation/§a/2. For a wave
propagating in an arbitrary direction, the separation of th
particle projections can be infinitely smaflor an infinite
lattice) and therefore infinitely small wavelengths can be sus
tained, producing aperiodic phonon spectra. The spectra f
0=10° [Figs. 2b),(f)] and 6= 20° [Figs. Ac),(g)] are aperi-
odic, at least in the first and second Brillouin zones.

Our theory divides the phonon spectfég. 2) into two
branches: high frequency, (short dashesand low fre-
guencyw, (long dashes This is different from the standard

quency branch is always longitudinal and the low frequency
branch is always transverse. The dispersion relatiorkéor
< (long wavelengthsis identical for all angles of propa-
gations.

In summary, we obtained the phonon spectra of a 2D
Yukawa lattice experimentally, theoretically, and using a mo-
ecular dynamics simulation for different angles of propaga-
ion with respect to the crystal axes. All three results well
agree with each other. It is found that the spectra are isotro-

cﬁic for long wavelengths and highly anisotropic for short

wavelengths. The waves have a pure longitudinal or trans-
verse polarization only if they propagate along one of the
main crystal axes or have a long wavelength. They have a
mixed polarization for an arbitrary direction of propagation.

We thank U. Konopka and R. Quinn for useful discus-

approach which differentiates only between longitudinal andsions. S.N. acknowledges the Japan Society of the Promotion
transverse modes. The reason for this is illustrated in Figsf Science.
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