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Abstract. We use moIecular dynamics (MD) simulation methods to investigate dusty plasma 
crystal structure in an external potential, with the grains subject to both a spherically 
symmetric Debye-Htickel potential and a cylindrically symmetric dipole interaction. The 
dipole contribution models the experimentally important effects of ion ffow or intrinsic grain 
polarization. We find that the addition of a small dipole term changes the crystal structure 
from bct to one in which the grains are aligned vertically, consistent with experiments as well 
as recent theoretical calculations. 

Introduction 

Crystalline structures have been commonly produced in dusty plasmas in recent years 
(1-4), some time after they were predicted (5). The experiments are relatively simple, 
requiring a small rf discharge plasma, a way to introduce the grains into the system, as 
well as a laser scattering system and a video camera to observe the individual grains. 
In the plasma, the grains become charged and reside in electrostatic traps at the edge 
of the sheath above the lower electrode (6), where the electrostatic repulsion from the 
electrode balances gravity. For a particular range of gas pressure and rf power, the 
grains can form into a regular array, which is typically 2-20 layers thick and extends to 
cm size in the transverse directions. The grains are usually 5-10 pm in diameter and 
acquire a negative charge that is on the order of lo4 electronic charges. The intergrain 
spacing is several hundred microns, which is roughly the electron Debye length in an 
(argon) plasma of electron number density n, - 1 O9 cme3 and temperature Te - 2 eV. In 
some plasma crystals, either fcc or bcc structures have been observed (2), while in 
other experiments, the grains in each layer seem to be aligned vertically (4). 

A number of numerical simulations of crystal formation have been performed using 
molecular dynamics (7-1 1). In these calculations the charged dust grains are assumed 
to interact via a screened Coulomb potential, similar to that used in the study of 
strongly coupled Coulomb systems (12). However, the dust crystal experiments add 
several complications not found in the usual theoretical studies. First, there is cooling 
due to the interaction of the grains with the background neutrals. Usually this is treated 



by means of a thermostat in the simulations, although it is possible to include the dust- 
neutral interactions directly (7). Second, the confining effect of the electrostatic trap 
also needs to be taken into account. This potential includes the effect of gravity as well 
as the time-averaged electric field in the sheath region above the electrode. It has been 
modeled as a simple symmetric parabolic potential (10) or as an asymmetric Morse 
potential (1 1). Simulations with this simple model result in structures that are close- 
packed layers with dislocations (1 1). 

On the other hand, experiments often exhibit a striking tendency for one-dimensional 
order in the direction normal to the electrode (4). For example, simple hexagonal 
patterns are observed with one axis oriented normal to the electrode. Since deviations 
fiom sphericity in the interaction potential can change the energy landscape in such a 
way that more distorted arrangements of dust grains may be the lower lying structures, 
this suggests that other physical effects in the experiments need to be included in the 
computational model. One such effect is the flow of ions in the sheath that is directed 
toward the electrode. This can be included by adding either flow in the fluid equations 
for the background plasma (8-9) or an asymmetric potential around each grain to 
account for the flow (9). This asymmetric potential structure has been investigated 
theoretically (13) and has been studied in self-consistent particle simulations of 
electron and ion flow around a stationary dust grain (14). 

A simple way to include these asymmetric effects in the simulations is to model them 
as dipole interactions. Because the dipole effect can be thought of as arising from the 
focusing of flowing ions behind a dust grain, the size of the force on neighboring 
grains due the dipole can be comparable to that due to the monopole force. In two- 
layer dust crystals, MD simulations have been used to estimate the strength of the 
dipole (15). Use of a dipole to describe the top layer only, leads to an asymmetric 
force between the two layers and interesting stability properties of this system. More 
generally, the dipole model can also take into account the intrinsic polarization of the 
grains interacting with the sheath electric field (16). Recently, Lee et al. (17) have 
included a dipole moment to calculate the energy of a dusty plasma crystal and obtain 
a phase diagram as a hc t ion  of lattice spacing and the magnitude of the dipole 
contribution relative to the monopole force. For increasing dipole moment, they find 
non-close packed lattice structures that exhibit a linear chain structure along the axis 
of the dipole orientation. 

In this paper, we present first results of molecular dynamics simulations that include a 
dipole moment and an improved model for the external potential. We find that the 
addition of a small dipole contribution allows the grains to align vertically and thus 
change the crystal structure fiom bct to other configurations. We thus determine the 
stability of the structures obtained by Lee et al. (17) in a dynamic context with a 
realistic external potential. 



Simulation Model and Results 

We assume the interaction between dust particles consists of two parts. The first part is 
due to the direct interaction between dust particles plus the induced interaction due to 
the dielectric polarizability of the plasma. This gives rise to a spherically symmetric 
Debye-Hiickel potential 

where we normalize lengths to the electron Debye length, h, and energy to Q2/h, 
where Q is the charge on the dust grain. 

The second contribution is directional, which is due to an underlying cylindrical 
symmetq in the charge distribution about an external field direction, that we take to 
be in the z-direction. We model this by an effective dipole interaction 

where this contribution to the potential due to local charge non-sphericity is given by a 
spherically symmetric term, $1, and an axially symmetric term, $ 2 2 ,  which are of the 
form 

The quantity p is the square of the dipole moment. We take into account the fact that 
for small separations (which in a molecular dynamics simulation will occur if a 
potential of the form I$* is used with constant p), the dipole approximation breaks 
down and the limiting interaction is strongly repulsive, by defining an effective r- 
dependent dipole moment 



where y = In (2) / (16~:). This vanishes as r + 0 and begins to decrease when the 
effective radii of the dipole distributions are in contact. The fourth power ensures that 
(a + (a,, for small r. 

We also include an effective external trapping potential, which is given by the s u m  of 
an electrostatic term to model the electric field in the sheath that pushes the negatively 
charged grains upward away from the electrode and a gravitational term that pushes 
them downward, of the form 

This form is appropriate only for fairly large dust grains ( 2 5 pm), since the ion drag 
force is ignored. In the calculations here we assume a grain radius of a = 5 pm and an 
electric field of 60 Vkm. In our units, assuming Q = -lo4 le[ and h = 300 pm, we have 
b 3 . 6  and a = 0.06. 

In the MD simulations we solve the equations of motion for dust grains of mass M = 
1.0 ng for r k  = Q2/hkBT = 333. We initialize the calculations with a cube of lo3 
particles with unit spacing and equilibrate this system at rb = 10 for lot, (t,, = 
[Mh3/Q2]*” corresponding to about 0.05 sec for our parameters) with no external 
potential imposed. At this high temperature the system forms a uniform fluid state. At 
10 t,,, the system size is increased in the z-direction by a factor of three. The system is 
then rapidly quenched in the external potential (6) to rx = 333. The system expands 
along the z-axis and reaches a steady state that shows long-range order. In all cases, 
the boundaries at x = f 5 and y = f 5 are periodic. The z boundaries at f 15 are free in 
the quenched state, but the confined system never reaches these boundaries. 

In Figs. 1 and 2 we present results for one representative case, = 0.025. Figure 1 
shows the view of the system along the x-axis for times 10 t,,, 100 t,,, 200 to, 300 t,,, 
400 t,,, 500 t,,, 600 t,,, 700 t,,, and 800 t,,. The time sequence is vertical, from left to 
right. The initial frame shows the system as it has equilibrated in the smaller system (- 
5< z e 5). Thereafter, the system size is extended, the extemal potential is applied, and 
the grains expand in z. By t = 20&, some vertical alignment has begun in the center 
of the system. The alignment increases with time, so that by the end of the run it has 
extended nearly throughout the entire system. The final state is an R2 structure, 
consisting of rectangular lattices shifted to the body center on successive planes in the 
zdirection. To see this more clearly, we show in Fig. 2 the two central planes. The left 
column shows the upper and lower planes, respectively. The dust aligns into 
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FIGURE 1. Evolution of the system with dipole strength po = 0.025, showing vertical alignment in 
time. The time sequence is from top to bottom, left to right, with t = 10 100 t,,y 200 t, 300 &, 400 &, 
500 by 600 t,,, 700 and 800 t,,. 
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FIGURE 2. Left panels show dust alignment in two adjacent planes in the central region. The top right 
panel is their superpositioq the bottom right panel is a side view. 

rectangles, although the structures are evidently not perfect. The top plot in the right 
column is the composite image of these two planes that gives a hexagonal structure. 
The bottom plot at the right is the side view, showing the relative shift of these two 
planes. 



We have carried out simulations for a range of values of po: 0.0 0.01, 0.025, and 0.10. 
For po = 0, the system crystalizes in an bct(ll0) structure. As po increases, the 
structure changes from Rh2 (b = 0.01) to R2 (po = 0.025) to Tl (po = O.l), where we 
use the notation of Lee et al. (17). The Rh2 structure may also be described as a bct 
(1 10) lattice. The T1 structure is a simple hexagonal lattice. For higher values of p,,, 
the dust arrangement becomes more disordered, as the edge of the trap is approached. 
There are also indications of phase coexistence of different structures, as one goes 
from the central region to the upper edge. All structures for nonzero are 
characterized by strong vertical alignment. However, these static images do not show, 
particularly in the = 0.1 case, the considerable fluctuations in chain dynamics along 
the z-direction. The motion of these coherent chains is much larger than the 
displacements of the chains in the x and y directions. 

Summary 

We have investigated the dynamics of charged dust grains trapped in a plasma sheath 
and gravitational potential. We have included in the simulations both a Debye-Huckel 
central potential and a phenomenological dipolar interaction, which may have its 
origin in wake potentials or induced dipole moments in the charge distributions. The 
inclusion of the spherical symmetry breaking leads to ordered lattices characterized by 
significant linear coherence along the field direction (z-axis). For non-zero dipole 
moment, the ground state is no longer close-packed as was the case for po = 0. The 
structures correspond to the R2 and T1 structures predicted by Lee et al. (1 7) in their 
equilibrium analysis, but the dynamic structures are defective, exhibiting in-plane 
dislocations and relatively fluid motion of the vertical strings in the case of large po. 
Whether these structures correspond in detail to the experimental structures is both a 
theoretical challenge in the proper calculation of the interaction potential and an 
experimental challenge in determining more of the microscopic parameters and 
structure of condensed dusty plasmas. 
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