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Abstract

A survey of the structural properties of a quasi-two-dimensional dipolar fluid is
given with emphasis on the low-density regime where particles self-assemble
into clusters. The internal energy, conformational properties and equilibrium
length distributions of the clusters are measured by means of Monte Carlo
simulation and compared with equilibrium polymer theory. The scaling forms
of the length distribution functions predicted by theory are found to describe
the simulation results adequately. The existence and mechanisms of phase
transitions in dilute dipolar fluids are discussed.

1. Introduction

Dipolar interactions play an essential role in determining the structural properties of a variety
of two-dimensional (2D) magnetic or electrical systems as illustrated by the following few
examples:

(i) The long-range dipolar forces stabilize, at finite temperature, long-range orientational
order in 2D ferromagnets [1-3]. Spontaneous long-range order does not occur if only
exchange interactions are present, as the ground state is unstable against low-energy spin-
wave excitations [4].

(i1) In ultrathin magnetic films, interplay between the dipolar interaction, favouring in-plane
orientation of the spins, and uniaxial surface anisotropy perpendicular to the film layer,
favouring out-of-plane orientation, can give rise to a reorientational transition where the
magnetization of the system changes from parallel to the film to perpendicular to the
film [5-7].

(iii) If the spins are aligned predominantly perpendicular to the magnetic film surface,
competition between the repulsive long-range dipolar interaction and the attractive short-
range exchange interaction can lead to the spontaneous formation of modulated structures
such as stripes and bubbles (circular droplets in 2D [5, 8, 9]).
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Of similar origin is pattern formation observed in phospholipid monolayers at the water—air
interface where it arises through the competition between the perpendicular component of the
dipole of the polar head group at the interface and the short-range van der Waals interaction
[10—14] or in thin films of magnetic garnets [15—17], but appears also in type I superconducting
films [18], diblock copolymers [9] etc.

Experimental magnetic monolayers or few-layer systems can be realized by growth of
metal films on metal substrates or films of rare-earth systems [5] or by deposition of Co
nanoparticles on a substrate [19-22] and also by confining microsized or millisized magnetic
or dielectric particles between glass plates [23] or on a water/air interface [24] or letting them
float on a liquid surface [25] or meniscus [26]. When, in the latter cases, an electric or magnetic
field is applied perpendicular to the sample, the dipolar particles experience a repulsive 1/r3
potential and self-assemble into crystalline structures. Melting of the dipolar solid could
be investigated in this way and shown to be consistent with the KTHNY scenario [27-29].
Monodisperse polystyrene spheres (1-100 pm) dispersed in a ferrofluid (0.01 um) confined
between closely spaced parallel glass plates provide another convenient way to study order—
disorder phenomena in magnetic monolayers [30-32]. In an external field the non-magnetic
spheres (magnetic holes) acquire an effective magnetic moment corresponding to that of the
displaced ferrofluid and collinear with the external field. In a perpendicular field, the spheres
crystallize in a triangular lattice, whereas in a field parallel to the surface, attractive dipolar
interactions trigger formation of linear chains and aggregation of the chains.

Lattice Monte Carlo (MC) simulations [5, 33—45] and theoretical investigations [5, 46—
52] based on a Hamiltonian comprising a long-range dipole-dipole interaction, a nearest-
neighbour exchange interaction and a local magnetocrystalline (surface) anisotropy [53, 54]
have provided qualitative insight into the phenomena of reorientation transitions and pattern
formation of model thin magnetic films.

The purpose of this paper is to present a survey of the structural properties, as obtained
from computer simulation and theory, of perhaps the simplest model of a quasi-2D system of
magnetic spheres, namely quasi-2D dipolar hard spheres [45, 55-59].

The quasi-2D dipolar hard-sphere model is a system of hard spheres (discs) of diameter
o with an embedded point dipole of strength u interacting through the pair potential

(0.¢] rij <o

u(rij, si, 8j) = Mz[ e 3(3i'7'ij)(3j'7“ij)j| (D
i*8j

3 5 rij 2 o.

ij ij
In the system the centres of the spheres are confined to a plane and therefore r;; = r; — r;
joining particles i and j is a two-component vector lying in the confining plane. The dipole
moments, represented by unit vectors s; and s;, can rotate in full 3D space. With decreasing
temperature the dipole moments show, however, an increased tendency to lie on the plane and
most of our results described below pertain to the case where the dipole moments are restricted
to rotating in the plane.

The structural properties described in sections 2 and 3 are obtained from off-lattice MC
simulations and cover the density range 0.025 < p* < 1.05, from gas to solid, and the
temperature range 0.11 < T* < 0.16. The reduced density is defined as p* = ¢>N/A
(N number of particles, A area of the simulation box) and the reduced temperature as
T* = kTo? / u? (k is the Boltzmann constant). It is also convenient to define a reduced
dipole moment u* = u/vo3kT.

The MC simulations were performed in the canonical (N'V T') ensemble using 5760 (5776)
particles in a rectangular (square) box with periodic boundary conditions. A Ewald sum was
used to account for the long range of the dipole—dipole interaction [45, 60]; for a 3D dipolar

r
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Figure 1. A snapshot of a configuration of 5760 dipoles at p* = 1.05, u* = 3 on a periodic
hexagonal lattice of dimensions L, = 75.5, L, = 72.7 (in units of o). Arrows represent the
projections of the dipole moments on the xy-plane. Only the central part of the system is shown.

interaction with the centres of the spheres constrained to a 2D lattice, the sum is absolutely con-
vergent. Sampling of configurations involves single-particle and, at low density, also cluster
moves.

The main emphasis will be given to the low-density states where the dipolar particles
associate into chains, rings and more complicated structures whose properties will be described
using equilibrium polymer theory [61, 62]. In particular, the scaling predicted theoretically is
compared with that observed for the simulated length distributions of chains and rings.

2. Orientational ordering at high density

Snapshots of configurations of dipolar spheres showing the orientational order in the high-
density solid state are presented in figure 1 for an infinite hexagonal lattice (p* = 1.05) and in
figure 2 for an infinite square lattice (p* = 0.99). At the dipole strength considered, u* = 3,
the dipole moments lie predominantly in plane and form faceted domains with edges along the
lattice (simulation cell) axes. For a hexagonal system the domains are of hexagonal shape and
within them the dipoles orient in a vortex-like structure. Dipoles along edges run in opposite
directions. For the state considered, the size of the domains is approximately 20 o. On a



9174 JJ Weis et al

-30 -20 -10 0 10 20 30
X

Figure 2. A snapshot of a configuration of 5776 dipoles at p* = 0.99, u* = 3 on a periodic square
lattice of dimensions L, = L, = 76.4 (in units of o). The dipoles are assumed to lie in the plane.
Only the central part of the system is shown.

square lattice the system breaks up into irregular more or less rectangular domains within
which the dipoles organize into rows roughly parallel to the x- or y-axis of the simulation cell.
Dipole moments in different rows can point in the same or opposite directions. Lattice MC
simulations have shown that in-plane dipoles on a square lattice order below a non-zero critical
temperature [2]. In the present simulations no net magnetization of the system is observed at
the temperature considered.

When the density of the system is lowered below the melting density and the dipoles
progressively get less packed, they organize into large linear structures percolating through the
simulation cell with a strong tendency to form loops (cf figures 3 and 4). Only ata density p* <
0.15 (at u* = 2.75-3) do the dipolar spheres self-assemble into aggregates of different sizes.

3. Cluster structure at low density

As is evident from a snapshot of an equilibrium configuration at p* = 0.03125 and dipole
moment pu* = 2.75 (figure 5), these low-density aggregates can have linear structure (every
particle is bonded to at most two other particles), closed (rings) or open (chains), or be more
complex and exhibit branching, even if most of their particles are still linearly aggregated.
These branching points are called defects and the structures that they belong to defect clusters,
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Figure 3. A snapshot of a configuration of 5760 dipoles at p* = 0.6, u* = 3 in a rectangular
box of dimensions Ly = 99.9, L = 96.1 (in units of o). Arrows represent the projections of the
dipole moments on the xy-plane. Only the central part of the system is shown.

irrespective of their topology. The defects exhibit a different number of branches (mostly 3 or 4,
called Y and X defects, respectively, following [63, 64]) and the corresponding clusters exhibit
different topologies, depending on the number of ‘holes’ and ‘ends’ and on the type of defect.

These clusters evolve by breaking and recombining, the relative concentration of chains,
rings and defect clusters and their sizes depending on density and temperature. To quantify
these aspects a classification of clusters has been carried out by calculating the first-, second-
and third-nearest-neighbour distances (respectively, 7, r»; and r3;) for each particle j: if
rij > re, then j is a free particle; if r; < r. and rp; > rc, then j is an end particle; if ro; < 7,
and r3; > rc, then j is an interior particle; and, finally, if r3; < r, then j is a defect particle.
A ring is a cluster with interior particles only, a chain a cluster with two (and only two) ends
and a defect cluster a cluster with at least one defect particle. For strongly bonded clusters
(as occur in the present system) a range of cut-off distances yield qualitatively similar results.
Throughout this work we used r, = 1.15 0.

3.1. Simulation results

Cluster properties, internal energy, length distribution and conformations have been analysed
for densities in the range 0.025 < p* < 0.0375 and dipole moments between p* = 2.5 and 3.
In this section the dipole moments are assumed to lie on the plane.
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Figure 4. A snapshot of a configuration of 5776 dipoles at p* = 0.3, ©* = 2.75 in a square box
of dimensions Ly = L, = 138 (in units of o). The dipoles are assumed to lie in the plane.

An example of the length distribution of chains, rings and defect clusters is shown in
figure 6 for p* = 0.03125 and p* = 2.75. Distributions of similar shape occur for all other
thermodynamic states, suggesting scaling behaviour (see below). Overall, the mean length of
chains, rings and defect clusters increases with density and dipole moment, though at different
rates, while the fraction of particles decreases in favour of those in defect clusters. For a more
quantitative analysis we refer the reader to [59].

The reduced total internal energy per particle U/NkT, divided by u*?, decreases slightly
with increasing dipole moment and is practically independent of density, indicating that
intercluster interactions are negligible. This is corroborated by a direct calculation of the
average internal energy per particle in clusters, which was found to be nearly the same as the
total internal energy per particle.

The internal energy per particle of each type of cluster has been computed as a function
of size N. An example is given in figure 7 for p* = 0.031 25 and p* = 2.75. For all the states
considered the energy of rings, €, (N), is lower than that, €.(N), of chains if N > 4 and the
difference €, (N) — €.(N) exhibits a minimum for N =~ 8-10. The internal energy of defect
clusters is always larger than that of rings and it appears to be larger than that of chains for
small N only, though a definite conclusion must await more precise simulation results.

In line with zero-temperature results [65], €.(N) and €, (V) are well approximated (except
for the smallest values of N) by the functions

e&N) . €

= + —,
w2k T °T N

)
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Figure 5. A snapshot of a configuration of 5776 dipoles at p* = 0.031 25, u* = 2.75 in a square
box of dimensions L, = L, = 430 (in units of o). The dipoles are assumed to lie in the plane.

Table 1. Parameters of the internal energy for rings and chains.

W € 31 €]

2.5 205 256 10£1
275 212 265 11+1
3.0 217 266 12+1

. q
—€ t ﬁ (3)

&(N)
M*sz -

The coefficients €j, €,, €/ and €] have been determined by fitting the simulation data to
equations (2) and (3) and are collected in table 1. Their dependence on density is found
to be negligible (in the range considered) and, in addition, for a given temperature, €
and ¢; differ by less than 1% which allows an assignment of a well defined bond energy,
eo(u*) = €5(u*) = €;(u*), to the system. Figure 7 includes a comparison of the variation of
€.(N) and €, (N) with cluster size obtained from the simulations and the functions (2) and (3)

calculated using the parameters of table 1.

Conformational properties of the clusters were obtained from the calculation of the radius
of gyration and persistence length. For large N, the radius of gyration R, of the clusters scales
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Figure 6. The average number of clusters of size N obtained from simulations at p* = 0.031 25,
w* =2.75: (a) chains, (b) rings, (c) defect clusters.

with the number of monomers N as
Ry (N) = bN", “)

where b is a characteristic length and v a universal exponent that depends on the dimension of
space and on the type of interaction. For rigid objects v = 1 and for random walks 0.5. Clusters
with the conformation of a self-avoiding random walk (SARW) in 2D have v = 0.75 [62, 66].
The mean value of the radius of gyration squared (R;(N )) for chains and rings of length N
obtained from the simulations is shown in figure 8 for p* = 0.031 25 and u* = 2.75. Itis clear
from figure 8 that v = 0.75 for long chains (N greater than ~210) and thus dipolar chains have
the conformation of a 2D SARW. Similar results were obtained for all the other simulations
and we conclude that the exponent is universal in the range of densities and dipole moments
considered in this work.

For rings, the scaling regime of SARWSs with return to the origin (characterized by the
same exponent v = 0.75) is observed for rings larger than N ~ 40) (cf figure 8). Smaller rings



Structural and conformational properties of a quasi-two-dimensional dipolar fluid 9179

-12 T T T T T T T

~205H

it s
e
"",u'fl‘\m 10N

Figure 7. The energy per particle (divided by w*kT) for chains (circles), rings (squares) and
defect clusters (triangles) of length N from simulations at p* = 0.031 25, u* = 2.75. In the main
figure the curves are fits to the simulation data obtained using equations (2) and (3) and the values
of table 1. The inset shows the tails in more detail: the full curve corresponds to chains, the dashed
curve to rings and the dotted curve to defect clusters.

scale with v close to 1, indicating that they behave as rigid objects. The crossover from the
rigid to the fluctuating SARW regime is broader at higher temperatures and lower densities.
For given density and temperature the persistence length of chains, £.(N), is found to
be constant within the statistical error while that of rings, £,(N), displays two regimes: it
increases linearly with N at small N reaching a constant value at large N. The crossover
between the rigid and SARW regimes occurs at larger values of N at lower temperatures [59].

3.2. Scaling laws: equilibrium polymers theory

Well defined length distribution and bonding energy of all the clusters and negligible intercluster
interaction suggest that the quasi-2D dipolar fluid may be described as an ideal mixture of
various types of cluster in chemical equilibrium [67, 68]. The Helmholtz free energy density,
F /A, of this system is written as

o F/AKT =) > pi(N)(Inpf(N) — 1 —InGu(N)), 5)

k N=Sk

where k labels the type of cluster (chains, rings and the several types of defect cluster), sy is
the minimal length of clusters of type k, while g (N) is the partition function (multiplied by
o?/A) and Pi (N) the reduced density of clusters of type k with length N. Minimization of
the free energy with respect to the densities p; (V) yields the set of equations

pi(N) = Ge(N) exp(NBu), (6)



9180

JJ Weis et al

12

2
In <R &

12

2
In <R ¢

Figure 8. Radius of gyration (in units of o) as a function of the number of monomers in (a) chains
and (b) rings at p* = 0.031 25, u* = 2.75: the full line has slope 0.75 and the dashed line slope 1.

where 1 is the chemical potential of the system and § = 1/kT. The cluster densities satisfy

the condition

(&%
pr=2 2 Noi(N),
k sk

(N
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and may be viewed as length distributions for the various types of cluster. Given the cluster
partition functions, g (N), these equations determine the structure and thermodynamics of the
system.

The results for the conformational properties of dipolar chains and rings and the existence
of chemical equilibrium among clusters suggest that these aggregates behave as dilute
equilibrium polymers. In the following we will show, by comparing theoretical and simulation
results, that the conformational properties of dipolar chains and rings are in accord with
predictions of equilibrium polymer theory.

Thus we approximate the partition function of an isolated dipolar chain with N monomers
of diameter o by the product of two terms:

(i) the number of conformations of a SARW with N steps, in the limit N — oo [62]; and
(i1) the Boltzmann factor of the energy E.(N) [69, 70]:

Z(N) = AcN""" exp(—BE.(N)). ®)

y is a universal exponent that depends on the dimension of space and on the type of interaction
and A, is a non-universal constant. Substituting this result into equation (6) and using
equation (2) we find for the reduced density of non-interacting, N-dipolar chains

Pr(N) = AN?! exp(—ef;ﬁ‘2 — @N), 9)

where it = —fBu — eou*? is the shifted chemical potential. Comparison of the chain
densities obtained from the simulations with those calculated using equation (9) requires an
approximation for the (shifted) chemical potential, fi. This is achieved by approximating the
chain density (9) by a continuous function, namely a non-normalized gamma distribution. The
first moment of this distribution yields

j, = Za N o™ No:(N)dN
S Napi(N) [ pr(N)AN
relating /& to the inverse of the mean chain length N..

With the use of equation (10) the normalized distribution of chains ®.(N) corresponding
to (9) should scale as

(10)

==

In(N®(N)) = yIny —InT(y) + <1nl—ﬁ> (an
c - y y y y N N ’

c c
where I"(x) is the gamma function. Figure 9 shows that the scaling form applies to intermediate
values of N/N,. The scaling region is wider at low dipole moments and densities, in line with
the fact that deviations from scaling for large N are due to statistical noise.
Similarly to in the chain case we approximate, in accord with equilibrium polymer theory,
the partition function of isolated, long, N-monomer dipolar rings by the product of two terms:

(i) the number of conformations of a SARW of N steps with return to the origin, in the limit
N — o0 [62]; and
(i1) the Boltzmann factor of the energy E,(N) [70].

In addition, as remarked in [70], equilibrium between chains and rings has to be taken into
account by including the possibility that N-rings may break in N different places yielding an
N-chain. The partition function of an N-ring is then

Z,(N) = A, N“7? exp(—=BE,(N)). (12)

where A, is a non-universal constant and « a universal exponent obeying the hyperscaling
relation, ¢ = 2—v D, and thus @ = 0.5 fora SARW with D = 2. Substitution of this equation
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Figure 9. The scaling form for the length distribution of dipolar chains obtained using equation (14).
Circles: p* = 0.025. Squares: p* = 0.031 25. Diamonds: p* = 0.0375. Full symbols: pu* = 2.5.
Open symbols: p* = 2.75. The full line is the theoretical prediction obtained from equations (9)—
(11) with y = 1.33.

into equation (6) and use of equation (3) yields for the densities of non-interacting N-dipolar
rings

* _ a—3 ETH’*Z ~
py(N) = A,N“""exp| — N — N ). (13)

Comparison of the simulation and theoretical results is carried out for the distribution
@, (N) defined by

*(N 1 1

o,y = L) exp<e{M*2<——T>>. (14)
pf (Ne) N N

By combining tl}is expression with equations (13) and (10) one finds that ®, () is a universal

function of N/N,, namely

In ®,(N) + (. 3)1 N N (15)
ne, = o — n——y—.
Y N, AN,

In figure 10 we plot ®,(N) (equation (14)), obtained from simulations at six different state
points, and compare with the right-hand side of equation (15) calculated with « = 0.5 and
y = 1.33. The data collapse is remarkable. The simulation results scale according to the
theoretical predictions for values of N between N, and 3N.. For small N, scaling is not
observed, in line with the results for the conformational properties. Statistical errors inherent
in the simulations of the largest clusters prevent us from reaching a firm conclusion about
scaling in the large- N limit.

By dividing ®,(N) by the equilibrium chain length distribution, the exponential
dependence of the ring distribution function can be eliminated, to give a slowly varying scaling
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Figure 10. The scaling form for the length distribution of dipolar chains from equation (15). The
full curve is the theoretical prediction (rhs of equation (15) with y = 1.33 and @ = 0.5). The
symbols are as in figure 9.

function:

1<@wmﬂM»
o 2P (V)
PE(N)

which is plotted in figure 11. The data collapse for the six simulation runs is again remarkable.
The scaling behaviour of this function is similar to that of ®,(N). The slope of the straight
line in figure 11 is consistent with « = 0.5, thus confirming the analogy between dipolar rings
and equilibrium ring polymers. Again, departures from the straight line at small N can be
traced to the crossover from rigid to flexible rings that occurs at relatively large values of N.

N
—@-y -, (16)

c

4. Conclusions and discussion

Our results show that the structure of the low-density quasi-2D dipolar fluid is, to a good
approximation, the same as that of 2D equilibrium polymers. A major question concerning
dilute strongly dipolar fluids is the existence (and nature) of a fluid—fluid phase transition in this
regime. For 3D dilute dipolar systems, MC simulations in the isobaric and grand canonical
ensembles and free energy calculations in the canonical ensemble suggested the existence
of one (or two) isotropic fluid—fluid transitions at low densities [71, 72]. These results lead
Tlusty and Safran [63] to propose a new mechanism for the phase transition of dipolar fluids at
low densities and temperatures: the competition between a (low-density) phase rich in chains
and entropically favourable, and a (higher-density) phase rich in defects (the junction of three
chain ends and thus called Y defects [64]) and energetically favourable. A comparison of the
structure observed in simulations of dipolar fluids with that responsible for the mechanism
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Figure 11. The scaling form for the length distribution of dipolar chains from equation (16). The
full line is the theoretical prediction (rhs of equation (16) with y = 1.33 and @ = 0.5). The
symbols are as in figure 9.

proposed in [63] has not been carried out and thus the existence and mechanisms of the phase
transition in 3D dilute dipolar fluids remain open problems.

The type of analysis developed in this paper, if extended to simulations at higher densities,
may shed light on these questions. In fact, the mean chain and ring lengths are monotonic
increasing functions of the chemical potential (see equation (10) and the definition of () and
depend on the total density p through i only. Thus, at fixed temperature, an instability signalled
by (Z—Z) ; < 0 may occur if N, and N, decrease in the same range of increasing densities.
In other words, within simulation results as reported in this paper, the (mean-field) loops that
signal first-order phase transitions correspond to loops in the mean chain and ring lengths.
This type of analysis has an advantage over the direct calculation of the free energy in making
a connection between the structure and the thermodynamics of the system, thus revealing the
mechanism that drives the phase transition. In fact, a necessary condition for the decrease of
N, and N, with increasing density is the self-assembly of defect clusters. This conclusion
is supported by the results of [70] for linear equilibrium polymers (chains and rings) where
both these quantities are shown to increase with density at all simulated temperatures. Thus,
the appearance of such loops indicates the existence of a topological phase transition [63]
resulting from the competition between structures with high energy and high entropy (chains)
and structures with low energy and low entropy (defect clusters). Preliminary simulation
results extending the density range to p* = 0.2 at reduced dipole moment ©* = 2.75 suggest
that N. and N, may go through a maximum near p* ~ 0.07 (cf table 2) although, due to
the rapid decrease in number of chains and rings with increasing density, better statistics is
required for drawing a firm conclusion.

Other mechanisms for a phase transition which could be envisaged include a percolation
transition [73] and a Bose—Einstein condensation (BEC) type of transition [74, 75].
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Table 2. Structure and energy of the quasi-2D dipolar fluid obtained from simulations at * = 2.75
with total number of particles N = 5776; U* = % is the total reduced energy per particle, Ny is
the mean length of the distribution for clusters of type x, ¢, is the fraction of particles in clusters

of type x, subscripts ¢, r and cd refer to chains, rings and defect clusters, respectively.

U*

,0* C}’CIGSUOG /l.*2 Nc ¢c Nr ¢r ch ¢cd

0.025 20 —-2.09 38 029 27 045 91 0.26
0.03125 13 -2.09 42 029 28 042 91 0.29
0.0375 13 —-2.09 44 029 28 034 109  0.37
0.05 24 —2.09 45 028 28 0.28 119  0.44
0.0625 22 —-2.09 45 025 30 022 136 0.53
0.075 22 —-2.09 44 022 30 0.18 162 0.60
0.1 18 -2.09 41 0.17 29 0.12 200 0.71
0.2 3 —-2.10 19 002 22 003 1075 0.95

Finally, it is worth remarking that the model bears close connection with recent

experiments [21, 76, 77] that report the observation of rings, chains and defects in monolayers
of spherical monodispersed colloidal magnetic particles.
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