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Abstract
We use molecular dynamics to study the ordering of a nematic liquid crys-
tal around a spherical particle or droplet. Homeotropic boundary condi-
tions and strong anchoring create a hedgehog director configuration on
the particle surface and in its vicinity; this topological defect is cancelled
by nearby defect structures in the surrounding liquid crystal, so as to give
a uniform director field at large distances. We observe three defect struc-
tures for different particle sizes: a quadrupolar one with a ring defect sur-
rounding the particle in the equatorial plane; a dipolar one with a satellite
defect at the north or south pole; and a transitional, non-equatorial, ring
defect. These observations are broadly consistent with the predictions
of the simplest elastic theory. By studying density and order-parameter
maps, we are able to examine behaviour near the particle surface, and in
the disclination core region, where the elastic theory is inapplicable. De-
spite the relatively small scale of the inhomogeneities in our systems, the
simple theory gives reasonably accurate predictions of the variation of de-
fect position with particle size.

Introduction

Suspensions of solid particles or immiscible liquid droplets in a host fluid
(colloids) have attracted wide interest, due to a number of industrial appli-
cations (they appear in food, paints, ink, drugs) and fundamental research
(they show features such as Casimir forces between the particles, forma-
tion of supermolecular structures and novel phases). Colloidal systems
with a liquid crystal as a host fluid are of special interest [1].
Elastic deformations of the director field around the colloidal particles pro-
duce additional long-range forces between them. These interactions can
be of dipolar or quadrupolar type depending on the symmetry of the di-
rector field around the particles [2], and this in turn is extremely sensitive
to the boundary conditions on the particle surface and the size of the parti-
cles [3].
The complication here is the presence of topological defects in such emul-
sions. Isolated drops provide a spherical confining geometry for the liquid
crystal. Sufficiently strong homeotropic anchoring of the director (that is,
normal to the particle surface) then induces a radial hedgehog defect with
topological charge ��� . If the director field is uniform far from the particle,
i.e. the total charge of the whole system is zero, topological considera-
tions imply that an additional defect must be created in the medium to
compensate the radial hedgehog.

Satellite (dipole) Saturn ring

Figure 1 Sketches of the satellite defect and Saturn ring defect.

There are several types of defect which can arise in this case. Two are il-
lustrated in Fig. 1. The first is a hyperbolic hedgehog with a topological
charge ��� , called a dipolar or satellite defect. The second is a quadrupo-
lar or Saturn-ring defect, i.e. a �����
	 strength disclination ring that en-
circles the spherical particle. Theoretical and numerical work based on
the elastic theory [4, 5] suggest that the dipole configuration is stable for
the micron-sized droplets which are usually realised experimentally; the
Saturn-ring configuration should appear if the droplet size is reduced and,
when present, it is always predicted to be most stable in the equatorial
plane normal to the director.

Molecular model and simulation methods

Molecular dynamics simulations were carried out using axially symmetric
molecules interacting through the pair potential�
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where 7 �I-KJ � �L� 4 � -KJ � ��� 4 , J being the elongation. In this work we
used JM�ON throughout. The orientation dependence is written in terms of
the direction of the center-center vector :< � 
 �L< � 
 � / � 
 and the unit vectors:@A� , :@�
 which specify the molecular symmetry axes. This is a soft repul-
sive potential, describing (approximately) ellipsoidal molecules; it may be
thought of as a variant of the standard Gay-Berne potential [6] with expo-
nents P � ( $HQ � ( . The molecular mass R was taken to be unity, and the
molecular moment of inertia fixed as S � 	 * T RU1 �� .The interaction of molecule V with the droplet was given by a shifted
Lennard-Jones repulsion potential between the centers, having exactly the
same form as eqn (1), but with � � 
 replaced by � �A�L-HW <�� � <%X5W �U1 X �Y1 ��4 ��1 �
and 1 XZ�\[ �]1 � �
	 . Here, [ is the colloid radius, and <%X the position of the
colloid center. This interaction potential results in homeotropic anchoring
of the liquid crystal molecules, normal to the particle surface.
The systems consist of 8,000-1,000,000 mesogens. A molecular dynamics
program was run on a Cray T3E using a domain decomposition algorithm.
The colloid particle was fixed in the center of the box. The director was
constrained along the ^ axis.

Saturn ring

For all studied radii ( [ ��1 � � 3–15) the ring defect appears immediately
after equilibration of the system starting from the isotropic state or blow-
ing up the droplet in the nematic state. We therefore concluded that this
type of the defect is energetically more favourable for the chosen droplet
sizes.
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Figure 2,3 Configuration slice and the director profile of the ring defect.

A typical slice and a director map of the ring defect obtained from the
simulations is shown in Figs. 2,3. From this map one can see that the
ring defect does not have long-range director distortions. Its core region
is located very close to the droplet surface and the director distortion van-
ishes very quickly in the liquid crystal bulk. This is in agreement with the
quadrupolar nature of the defect: far from the particle the director deviation
angle has asymptotic behaviour _a` -b[ � / 4�ced;f g 	�h .
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Figure 4 Density profiles for
the ring defect. Droplet radiusiAjHk�lMm�n�o

. The following di-
rections are shown: p mrq5sbt
(avoiding the defect) and p mtujHv

(crossing the disclination
ring). The inset shows the con-
tour plot of the density map.

Typical density profiles for the ring defect with [3� � T are shown in Fig. 4
for h � ( $;w (not intersecting the defect) and h � w �
	 (crossing the discli-
nation ring). The profiles which avoid the disclination have oscillating
structure near the particle surface which is typical for a liquid-wall inter-
face. The profiles which cross the disclination ring do not have oscilla-
tions. The difference may be due to the partial melting of the liquid crys-
tal in the disclination core region. This melting damps the influence of the
droplet surface on the interface region.
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Figure 5 Order parameter profiles
for the ring defect along the direc-
tions p m�q0sbtujxv . Different curves
correspond to the different droplet
radii.

Figure 6 Distance of the core region of the
ring defect from the droplet center, as a func-
tion of reduced droplet radius

iejxk
l
. We

also show the linear fit to the simulation re-
sults, y0z man|{ n�}x~�i���q0{ �|�|k�l .

The order parameter profiles for h � ( $�w �
	 are shown in Fig 5. The shape
of these profiles in general reflects the typical structure of the core: the cen-
ter of the core has lower order than the bulk and the core region extends
over a few molecular lengths.
Using the minima of the order profiles we extracted the distance from the
core of the disclination ring to the particle surface. The dependence of this
distance on the particle radius [ is shown in Fig 6. It is interesting to com-
pare with the phenomenological theory predicting linear dependence of
the ring defect radius on the droplet radius: ������� * 	 T [ from minimiza-
tion of the elastic free energy using a trial function [3], ������� * � N%[ using
a simulated annealing method [4], or ���6��� * 	
� [ [5]. Our MD simulation
results give � � � [�� � ( * N%N 1 � � - ( * �0� ��� ( * (%( � 4 [ which is in good agree-
ment with the phenomenological theory, especially if one bears in mind
the complex structure of the defect core.
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Satellite defect

The director field around the satellite defect is illustrated in Fig 8. The
director distortion extends much further than that of the ring defect. This
is a direct consequence of the symmetry of the director distribution of the
satellite defect: far from the particle, the director angle vanishes as _�`-b[ � / 4 � d;f g h , i.e. it is like a dipolar term in a multipole expansion.
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Figure 7,8 Configuration slice and the director profile of the Satellite defect. Droplet radiusiAjHk l m]n�o
. The background contour plot represents the value of the order parameter.

To study the satellite defect, one needs very large systems. We used one
million particles and droplet radius [L� � T .The density profiles for the satellite defect are shown in Fig 9. One can see
that the density profile at h � w (across the defect core) has less prominent
oscillating structure than the other two: this is again presumably due to
the partial disordering of the mesophase in the core region.

(r - R) /σ0

ρσ
03

0 2 4 6 8 10
0

0.5

1

1.5

2

θ = 0
θ = π / 2
θ = π

0.33
0.32
0.30
0.25
0.20
0.15
0.10

Figure 9 Density profiles for
the satellite defect. Droplet ra-
dius

iAjHk�lam�n�o
. The follow-

ing directions are shown: p mq5sbt�jxv
(both avoiding the defect)

and p m�t (crossing the defect).
The contour plot of the density
map is shown in the inset.

The center of the defect core is located at a distance ���6��� * � [ . The value
predicted by the elastic theory is about � * 	
	 [ for the simulated annealing
calculations [4]; � * ��� [ [1] or � * � � [ [7] for the free energy minimization
using a trial function.
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Figure 10 Order parameter profiles for
the satellite defect along the directionsp m�q5sKtujHv5sKt .

Figure 11 Biaxiality profiles for the
satellite defect ( p m\q0sKtujxv0sbt ). Droplet
radius

i�man�o
.

Off-center ring

Simulation results show that both the satellite and ring defects are at least
metastable for [ ��1 � � � T : once the particular defect is realized in the
system, it is stable over the timescale that is accessible to our simulations.
However, the satellite defect is not stable for the smaller droplets. Indeed,
we observed a rapid transition of the satellite defect to the ring defect for[ �51 � ' � ( . Equilibrating the initial configuration with the satellite defect
in the cell with droplet radius [ ��1 � � � ( , we observed that it evolves
into an off-centered ring defect: a typical nematic director map is shown in
Fig 12.
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Figure 12 Director map for the off-
center ring configuration. The back-
ground contour plot represents the
value of the order parameter.

Figure 13 Dynamics of the transition
from the satellite defect to the Saturn
ring defect via an off-center ring config-
uration.

The ring moved slowly, evolving towards an equatorial Saturn ring con-
figuration. Doing long runs (up to a million timesteps) we conclude that
this is an intermediate state between the satellite and the Saturn ring de-
fect. The ^ -coordinate of the ring, relative to the droplet center, as a func-
tion of the number of the timesteps, is shown in Fig 13. The evolution dy-
namics is quite slow. Note that elastic theory also predicts the off-center
ring configuration to be unstable [5], with the transition from the dipole
configuration to the Saturn ring configuration occurring via this interme-
diate state.


