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Abstract

Self-organized separation of multi-species charged particles in anisotropically
confined two-dimensional systems is studied by means of molecular dynamics
simulation. The multi-species particles of different mass and charge, interacting
through a Coulomb potential, are confined by external potentials of different
shapes, such as the circular, elliptical, triangular and square shaped potentials.
It is found that the different particles segregate into different shells, with the
particles having the largest (smallest) mass-to-charge ratio located nearest to
(furthest away from) the system center. When the different particles possess
the same mass-to-charge ratio, they become mixed together, despite having
different mass and charge. This general rule is independent of the total
number of particles, the number of species and the symmetries of the different
confinement potentials. When these potentials rotate at a sufficiently high
frequency around their origins, the anisotropy of the system configuration can
be destroyed, and the whole system configuration becomes circular in shape,
while the general rule of particle separation remains valid.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Many significant studies have been dedicated recently to two-dimensional (2D) clusters of a
finite number of interacting particles subjected to an external confinement potential. Typical
experimental examples of such 2D systems include electrons on the surface of liquid helium [1],
electrons in quantum dots [2], colloidal suspensions [3], and confined plasma crystals [4-8].
Most of the previous studies have been performed by considering the particles in an isotropic
confinement potential [9—13]. In an isotropic confinement potential, a circular shell structure is
obtained and a Mendeleev-type of table for the structures is constructed [13—-15].

In some experiments, however, the external confinement potential is not isotropic. For
example, anisotropic confinement potentials of elliptical, triangular and square shapes have
been explored in quantum dots [16—19]. Such investigation has found that the states of electrons
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in a triangular quantum dot are slightly stable compared to that in a circular quantum dot due
to the effect of geometry [18]. In addition, an interesting relation between the quantum and
classical charge distributions in an anisotropic potential has also been established [19] at high
magnetic field, whereupon the quantum charge density tends to reproduce simultaneously all
the degenerate lowest-energy classical configurations. Studies are also carried out to investigate
the phase transition and excitation spectrum of classical 2D charged systems in circular and
elliptical potentials. These studies have uncovered that changing the eccentricity of the
elliptical confinement potential can induce phase transition in the systems [20-22]. Research
on Bose-Einstein condensation (BEC) has also employed anisotropic potentials such as the
elliptical potential [23-25]. As the elliptical confinement potential is rotated about its origin,
a vortex lattice is found to form as a result of dynamical instability which occurs during the
evolution of the condensate [23-27].

In all the above studies, only a single species of particle is considered. In real experiments,
however, it is very likely that more than one species of particles exist in the systems [28-37].
Mangold et al [28] have studied experimentally the melting behavior of a binary system of
paramagnetic colloidal spheres with different sizes confined in 2D circular cavities in an
external magnetic field. They found that the melting process takes place in several stages where
first the small particles and afterwards the big particles become delocalized. Nelissen et al [29]
has also investigated numerically the induced order and re-entrant melting in a binary system of
classical charged particles interacting through a dipole repulsive potential and confined in a 2D
circular hard-wall trap. They found that the presence of small particles stabilizes the angular
order of the system as a consequence of radial fluctuations of the small particles. Grzybowski
et al [30, 31] have studied experimentally a 2D system of ferromagnetic particles (disks) with
two different sizes trapped in a liquid—air interface and confined by an external magnetic
field. They have found that the particles of different sizes can either separate or mix together,
depending on the experimental conditions in the isotropically confined system. Recently, the
self-organizing structure of a 2D system containing more than one species of charged particles
has been studied [32-35]. The studies have found that in an isotropic (circular) confinement
potential, the particles of different species segregate into different shells, with the particles
of the largest (smallest) mass-to-charge ratio tending to populate near to (far away from) the
system center [35]. The different particles also become mixed together if they have the same
mass-to-charge ratio, although their individual masses and charges [34, 35] are different. The
investigation performed so far on 2D multi-species systems has been restricted to confinement
in an isotropic potential. It will be interesting to investigate the self-organizing structures and
the general conditions of possible species separation of these systems as they are confined in
different anisotropic external potentials, such as the elliptical, triangular and square shaped
potentials. The effect of rotation of these anisotropic potentials on the overall system structure,
as well as the species separation within the systems, will also be examined in this paper.

The paper is organized as follows. In section 2, we first present our model system and
numerical simulation approach. Then, in section 3, we discuss and compare the different
minimum energy configurations obtained for the two-species and three-species charged
particles as they are confined within circular, elliptical, triangular and square shaped potentials.
The effect of rotations of these external confinement potentials on the system structures will
also be discussed in this section. Finally, section 4 concludes the paper.

2. Model system and numerical approach

We consider a 2D system consisting of a finite number (N) of charged particles interacting
through a Coulomb potential. The particles are, in addition, confined within an external

2



J. Phys.: Condens. Matter 19 (2007) 356213 Y Liu and L' Y Chew

potential which is either circular, elliptical, triangular or square in shape [18-21, 25, 32-35, 38].
The Hamiltonian of the system is H = K + U, where K is the kinetic energy and

o,

N
1
U= Zl: EMi(k)a)é(axiz +y)(1+8) + g 1)

= v —

is the potential energy. In equation (1), Mi(k) and Ql(k) are the respective effective mass and
charge of the particle i with position coordinates r; = (x;, y;) belonging to species k; wy is the
trapping frequency of the external potential whose anisotropy is described by the parameters o
and —employed to specify the elliptical, triangular and square shaped potentials; and ¢ is the
dielectric constant of the surrounding medium. The potential energy given in equation (1) can
also be written in dimensionless form as follows:

N N q(k)q(k)
. 0 ¢
U:X;mlf)(axi2+yi2)(1+ﬁ)+27|ri_ijl, )
i= i<j -

where the mass and charge are normalized by that of the first (k = 1) species, and the space
coordinate and energy are normalized by ry = (2Q(1)2/M(])8(1)é)1/3 and Ey = M(')wérg/l
respectively. Without loss of generality, we have dropped the particle index i in Ql(k) and
M [(k), since particles of the same species are indistinguishable. For convenience, we have also
introduced the species mass-to-charge ratio s = m® /g®, such that s’ = 1 in this paper.

In order to have external confinement potentials of different shape, we choose the
parameters « and S as follows: (1) for a circular potential, « = 1 and 8 = 0; (2) for an elliptical
potential, « = 0.5 and 8 = 0; (3) for a triangular potential, « = 1 and § = 2cos(3¢)/7 [18];
and (4) for a square potential, « = 1 and 8 = cos(4¢)/5 [19]. Here, ¢ is the angle made by the
position vector of a particle at r with respect to the x-axis in the x—y plane. For studying the
rotational effect of the external confinement potential, we replace the x; and y; in equations (1)
and (2) by (x; cos(€27)+y; sin(2¢)) and (—x; sin(27)+y; cos(£2t)) respecitvely, where €2 is the
rotation frequency of the potential, and ¢ is the time. Note that €2 and ¢ have been normalized
by 0 = wo/~/2 and 1y = /2wy, respectively.

We simulate the motion of the charged particles by molecular dynamics (MD). To achieve
the state of minimum energy (at which H — U)), each run is started with random initial spatial
and velocity distributions that are set at a high temperature (77 = 0.05 — 1.0, where T has
been normalized by Ej). The system is then slowly annealed until the temperature reaches
zero (T = 0 4 107°%). The annealing time is 6 x 1040)0_ !, and the integration time step is
0.003w, ! 'We have checked the accuracy of our simulations by comparing our results to the
stable-state configurations of single- or two-species clusters obtained from Monte Carlo (MC)
or MD simulations [20, 21, 32, 34]. We found very good agreement between our results and
those obtained from these MC and MD simulations.

3. Simulation results

3.1. Systems with two species of particles

3.1.1. Different mass. We consider a system consisting of two species of N = 100 particles
with different mass but the same charge (4 = ¢V = 1.0) being confined in circular (for
comparison with the anisotropic potential), elliptical, triangular and square shaped potentials.
Figure 1 shows the minimum energy configurations of the two-species systems. The subfigures
are arranged such that the columns show the effect of mass m®@, while the rows show the
effect of the confinement potentials of different shape on the system structures. From figure 1,
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Circular  Elliptic ~ Triangular

Figure 1. The minimum energy configurations for two species of particles with different masses
but the same charge ¢( = ¢®® = 1.0. These particles are confined within circular, elliptical,
triangular and square shaped potentials. The total number of particles is N = 100, and the number
of particles for species 1 (dots) and 2 (triangles) are NV = 60 and N® = 40, respectively. All
subfigures are in the same arbitrary scale.

one observes that, when m® # m(), particles of different mass segregate into different
shells. On the other hand, when m® = m", the different particles become mixed together,
and are not physically separated. The shape of the whole system resembles the shape of
the equipotential lines of the external confinement potentials [18, 19]. When m® = 0.8
(figures 1(al), (bl), (c1) and (d1)), particles of species 1 populate the system center and form
a core surrounded by a shell of particles of species 2; when m® = 0.9, the shell of particles of
species 2 assemble themselves closer to the central core formed by species 1; when m® = 1.0,
the two species become mixed together; when m® = 1.1, the two species separate again, but
now particles of species 2 form the central core surrounded by a shell of particles of species 1;
when m® = 1.2, the central core formed by species 2 becomes more compact with species 1
still surrounding it.

These results can be understood from the fact that the organization of the whole system
configuration is determined by the competition between two types of forces: the force caused
by the inward mass-dependent confinement potential, and the charge-dependent repulsive
force acting between the particles. The inward mass-dependent confinement force pushes
the particles into the system center, while the charge-dependent inter-particle repulsive force
prevents the charged particles from moving too close to each other. When species 1 and 2
possess the same charge ¢ = ¢’ = 1.0, the particle with the larger mass feels a relatively
strong inward confinement force, and hence is pushed near to the system center in such a way
that the total system energy is minimized.

For the anisotropic potentials, the shell surrounding the central core is observed to be non-
uniform in width as the particles tend to situate at the extreme positions—for example, at the
corners of the triangular and square shaped systems. This is due to the fact that the particles feel
less inter-particle repulsive force at the corners. Hence, occupying these regions has the effect
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Circular Elliptic Triangular Square
(d1)

@) (1)
q®=0.8

q®=0.9

Figure 2. The minimum energy configurations for two species of particles with different charge but
the same mass m") = m® = 1.0. These particles are confined within circular, elliptical, triangular
and square shaped potentials. The total number of particles is N = 100, and the number of particles
for species 1 (dots) and 2 (triangles) are N = 60 and N® = 40, respectively. All subfigures are
in the same arbitrary scale.

of reducing the whole system energy. We also observe from figures 1(d1)—(d5) that the system
shape does not correspond to the equipotential lines (see [18] and [19]) of the confinement
potential. We deem that this is a consequence of the strong inter-particle repulsive force. We
prove our conjecture by simulating a system containing different particles interacting through
a screened Coulomb potential, and obtain the expected resemblance of the system shape to the
equipotential lines of the confinement potentials.

From these results, we observe that particles of the same charge but different mass separate
into different shells, with particles having the largest (smallest) mass locate near to (far away
from) the system center as they are being acted on by isotropic or anisotropic potentials.

3.1.2. Different charge. Next, let us consider the situation when the two species of particles
have the same mass but different charges. The minimum energy configurations for this case
are shown in figure 2, whose subfigures are arranged such that the columns show the effect of
the charge ¢, while the rows show the effect of the different confinement potentials. From
figure 2, one observes again a common feature among the different confinement potentials:
particles of different species separate into different shells, with the particles of smaller (larger)
charge locate near to (far away from) the system center. When ¢® = 0.8, particles of species 2
are found near to the system center, while particles of species 1 form a shell around it. When
g = 0.9, the central core of species 2 grows larger. It is still being surrounded by particles
of species 1. When ¢® = 1.1(> ¢"), species 2 begins to move away from the system center.
They surround species 1, which now locates near to the system center. When ¢® = 1.2, the
system size has increased, with species 1 staying as the central core while being surrounded by
a shell of particles formed by species 2. Thus, the particles arrange themselves according to
the competing actions between the two forces: the inward mass-dependent confinement force
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Circular Elliptic Triangular Square
(a1) (b1) [(c1) (d1)

s®=24

s@=20
s®=1.2

Figure 3. The minimum energy configurations for three species of particles with different mass-to-
charge ratios (the masses and charges are different). These particles are confined within circular,
elliptical, triangular and square shaped potentials. The total number of particles is N = 130, and the
numbers of particles for species 1 (dots), 2 (triangles) and 3 (diamonds) are N M =47, N® =38
and N® = 45, respectively. The masses and charges of species 2 and 3 in the subfigures are given
as follows: in (al), (bl), (c1) and (d1), m® = 1.2, ¢® = 0.8, m® = 2.4 and ¢® = 1.0; in
(a2), (b2), (c2) and (d2), m® =2.4,¢® =1.2,m® = 1.1 and ¢® = 0.9; in (a3), (b3), (c3) and
d3),m® =13,¢g® =09, m® = 12and ¢® = 1.5; in (a4), (b4), (c4) and (d4), m® = 1.2,
q® =12,m® =0.8and ¢® = 0.8. All subfigures are in the same arbitrary scale.

and the repulsive force acting between the particles. When the two species have the same mass
m® = mM(= 1.0), particles with the larger charge feel a stronger inter-particle repulsive
force, and are pushed far away from the system center in order to decrease the whole system
energy, with the system center being occupied by particles of smaller charge. As the charge of a
particular species increases, this species will experience a much stronger inter-particle repulsive
force and is pushed much farther away from the system center, with a corresponding increase
in the overall system size. This occurs when ¢ = 1.2.

The above results show that particles with a smaller (larger) charge tends to situate near
to (far away from) the system center when they possess the same mass. This is consistent
with the general rule obtained in [35] for a circularly confined system. Here, we observe in
addition that different particle species can be separated into different shells when confined by
anisotropic potentials. Thus, the general rule for particle separation continues to apply within
anisotropically confined systems.

3.2. Systems with three species of particles

Let us now extend the number of species to three and consider an N = 130 system. Figure 3
shows the minimum energy configuration of such a system with each species of particle having
different mass and charge. The subfigures are arranged such that the columns show the effect
of the particle mass-to-charge ratios s = m® /g™ (k = 1, 2 and 3), while the rows show the
effect of the shape of the confinement potentials on the system structures. Interestingly, figure 3
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shows that different particles separate into different shells, and the separation is determined by
the mass-to-charge ratio: particles having the largest (smallest) mass-to-charge ratio situate
nearest to (furthest away from) the system center. In figures 3(al), (bl), (c1) and (d1), when
sW < §@ < 5@ particles of species 1, 2 and 3 are found to locate in the outer, middle and
inner shells, respectively. In figures 3(a2), (b2), (c2) and (d2), when sV < s < §@ particles
of species 1, 2 and 3 are found to locate in the outer, inner and middle shells, respectively. In
figures 3(a3), (b3), (c3) and (d3), when s@ < s < 5@ particles of species 1, 2 and 3 are
found to locate in the middle, inner and outer shells, respectively. Finally, in figures 3(a4), (b4),
(c4) and (d4), when the different particles have the same mass-to-charge ratio sV = s@ = §®,
the particles are found to mix together despite having different mass and charge. Through
varying the mass-to-charge ratio of each species, we find that the particles can be placed in
the inner, middle and outer shells of the system. These results can again be attributed to a
consequence of the competitive effects between the inward mass-dependent confinement force
and the repulsive force acting between the particles.

We have also considered multi-species systems with more than three species of particles
in systems which contain a large number of particles, and found that the general rule of particle
separation continues to apply. This general rule is indeed independent of the total number
of particles and species, as well as the symmetries of the systems. Our results enable us to
conclude that the unique dependence of the particle distribution on the mass-to-charge ratio
observed for the multi-species systems in an isotropic confinement potential in [35] remains
valid in the case of an anisotropically confined systems.

3.3. The effect of rotation of the confinement potentials on the system structures

In the studies on BEC under an anisotropic confinement potential rotating at a sufficiently
high frequency, it was found that the initial elliptically shaped system can become deformed
into a circular shape, with the production of a vortex lattice at the same time [23-27]. The
rotation can be simply induced by physical means such as an external magnetic field [26, 27].
In the same vein, we would like to investigate the effect of the rotation of different external
confinement potentials on the system structures of the multi-species systems. Figure 4 shows
the minimum energy configurations of the systems confined by the rotating circular, elliptical,
triangular and square shaped potentials with different rotation frequency 2. From figure 4,
we observe that the system configuration is not affected by a rotating circular confinement
potential (figures 4(al)—(a5)). On the other hand, at a sufficiently high rotational frequency, a
rotating anisotropic confinement potential can lead to a minimum energy configuration that is
circular in shape. For example, when 2 = 0.01 (figures 4(b1), (c1) and (d1)), the shape of the
system configuration is found to follow the equipotential lines of the confinement potentials;
when © = 0.05 (figures 4(b2), (c2) and (d2)), the shape of the system configuration becomes
deformed and approaches the shape of a circle; when €2 is increased from 0.1 to 0.3, the system
configuration becomes circular in shape (in figures 4(b5), (c5) and (d5)), i.e. the anisotropy
of the system configuration has been destroyed by the rotation of the external confinement
potentials. Remarkably, the general rule of particles separation remains valid within these
rotating systems—particles from different species segregate into different shells, with particles
of the largest (smallest) mass-to-charge ratio located nearest to (furthest away from) the system
center.

These results can be understood from the fact that, as the external confinement potential
is rotating around its origin, the different particles feel a time-dependent potential at a fixed
position. When the rotation frequency is low, the particles can follow the potential variation,
and arrange themselves in a shape resembling the equipotential lines of the confinement
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Circular  Elliptic ~ Triangular Square
.(a1) (b1) (c1) (d1)

Q=0.01

Q=0.05

Q=0.1

Q=0.2

Q=0.3

Figure 4. The minimum energy configurations for three species of particles confined within circular,
elliptical, triangular and square shaped potentials which rotate with frequency 2. The total number

of particles is N = 130, and the number of particles for species 1 (dots), 2 (triangles) and 3
(diamonds) is NV = 47, N® = 38 and N® = 45 respectively. In all the subfigures, the mass
and charge of the particles are: m® = 2.4, ¢® =1.2,m® = 1.1 and ¢® = 0.9. All subfigures

are in the same arbitrary scale.

potential. When the rotation frequency is increased to a sufficiently high level, the particles (at a
low temperature) can no longer follow the potential variation. Instead, the particles at different
locations feel a time-averaged (i.e. effectively isotropic) confinement potential. Therefore, the
final system configuration is circular in shape. The rotation frequency that is required to destroy
the anisotropy of the system configuration is found to be inversely proportional to the mass of
the particles in the system. This is because particles with a larger mass have a larger inertia,
and hence have a longer response time when following the potential variation within a rotating
confinement potential. We have verified this fact in a system containing particles with larger
mass, for example, m® = 19.2 and m® = 8.8. Indeed, the system configuration becomes
circular in shape at a much lower rotation frequency of €2 = 0.01 for this system.

Finally, we observe from figures 4(a5), (bS), (c5) and (dS) that the size of the system
configuration confined by a rotating elliptical potential is the largest. This is due to the fact that,
for the elliptical system, the trapping frequencies are chosen as w, = 0.7y and w, = wy in the
x and y directions, respectively. Thus, the particles feel a smaller time-averaged confinement
force, leading to a final system size that is larger than the other systems.

4. Conclusions

In conclusion, we have determined the minimum energy configurations of a multi-species
system of charged particles interacting through a Coulomb repulsive potential confined by
isotropic (circular) and anisotropic (elliptical, triangular and square) potentials by means of
MD simulation. We have demonstrated that the general rule for particle separation obtained
in reference [35] continues to apply within anisotropically confined systems: the larger the
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mass-to-charge ratio, the closer the particles are to the system center. This rule is found to be
independent of the total number of particles, the number of species and the symmetries of the
system. When the anisotropic confinement potential rotates, the anisotropically shaped system
can become deformed and circular in shape at a sufficiently high rotation frequency. In addition,
the general rule of particle separation remains valid within these rotating systems. The rotation
frequency required to destroy the anisotropy of the systems is found to be inversely proportional
to the particle mass in the systems. It should be pointed out that these results are valid for a
trapping potential that is quadratic in nature (refer to the potential energy term in equation (1)).
In the single species case, the importance of the mass-to-charge ratio s®) on the particle
distribution is obvious, even during the stage of dynamical evolution. However, the importance
of s® for a multi-species system is not evident, especially within anisotropically confined
systems. An analytical investigation of the minimum energy particle distribution would thus
be desirable, and our numerical results here would provide a good guide for such an analysis.
Our results may also be useful for understanding many cluster and crystal models based on the
quadratic confinement potentials, such as in some ferromagnetic particle systems [30, 31] and
laser-cooled ionic systems [39-42].
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