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Monte Carlo simulations and dynamic field theory are used to study spherical particles suspended
in a nematic liquid crystal. Within these two approaches, we investigate the binding of the defects
to the particles, the adsorption of a particle at a solid surface, and two particles interacting with each
other. Quantitative comparisons indicate good agreement between the two approaches. A Monte
Carlo method based on the combination of canonical expanded ensemble simulations with a
density-of-state formalism is used to determine the potential of mean force between one particle and
a hard wall. On the other hand, the potential of mean force is evaluated using a dynamic field theory,
where the time-dependent evolution of the second rank tensor includes two major aspects of liquid
crystalline materials, namely the excluded volume and the long-range order elasticity. The results
indicate an effective repulsive force that acts between the particle and the wall. Layer formation at
the surface of the hard wall gives rise to local minima in the potential of mean force. The director
profile for a particle at contact with a solid surface is characterized by a disclination line distorted
and attracted towards the wall. The structure of the nematic for two particles at short distances is
also investigated. Our results indicate a structure where the two particles are separated by a circular
disclination line. The potential of mean force associated with this configuration indicates an
effective attractive interaction between the two particles. 2@3 American Institute of Physics.
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I. INTRODUCTION throughout a liquid crystal film on a substrate. Upon binding

Emulsions and colloidal suspensions are an abundaﬁ"[f proteins or viruses to that substrate, however, the long-
state of matter and have attracted considerable attention #"9€ Order can be destroyed through the occurrence of to-
condensed matter physics and technology. Systems considological defef:ts, giving rise to a clear optical signal that can
ing of colloidal particles suspended in a nematic liquid crys-P€ detected visually. _
tal exhibit distinctive features arising from the orientational N the case of colloidal systems or emulsions, a so-called
order adopted by the liquid crystal molecufe®hen the director description is often appropriate to investigate the
host fluid is a nematic, the anisotropic properties of the fluigstructure of the nematic at micrometer length scales and
can lead to anisotropic interactions between the suspendédound colloidal particles. However, in the design of optical
particles. The characteristics of the colloidal interactions debiosensors, the characteristic sizes of the particles immersed
pend on details of the system such as the strength of thi#& the nematic(proteins or virusesare of order 10 to 100
anchoring or the orientation of the liquid crystal molecules athanometers. For submicron particles, description of the
the colloidal particle surface. For sufficiently strong anchor-structure of the nematic in terms of the direct@presenting
ing, spherical particles can create topological defects in théhe average orientations of the molecules in the nematic
nematic phase. These defects appear at a well-defined dighas¢ can be inappropriate. The investigation of the struc-
tance from the particles. The resulting director configurationgure of a nematic around submicron particles requires either
induce distortions of the uniform nematic order that are rethe introduction of more microscopic degrees of freedom
sponsible for the occurrence of anisotropic forces. than in a director descriptiotin order to treat and describe

Recent experiments have opened a new and promisingne presence of topological defeébtor a molecular-level
area for application of liquid crystal-based deviéeEhese description.
experiments show that liquid crystalline materials can be In the case of perpendicular orientations of the mol-
used for optical amplification of ligand—receptor binding, ecules at the colloidal surfadstrong homeotropic anchor-
thereby providing the basis for design of biosensors. Opticaing), colloids can create a satellite dipolar configuratitive
amplification of binding events at a surface relies on theso-called hedgehog defédtnown to be more favorable for
optical properties of a liquid crystal and its ability to form particles whose size is large compared to the nematic corre-
highly oriented phases. By using appropriate surface treajation length. For smaller particles, colloids can create a con-
ments, such as chemisorption of alkanethiols on goldigyration with a ring disclination line around the particle
surfaces a long-range, uniform orientation can be mduced(the so-called Saturn ring defécEollowing the early work
of Brochard and de Gennes in the one constant
dElectronic mail: depablo@engr.wisc.edu approximatior?, the director distribution around colloidal
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particle has been considered in several theoretical studies w(¢)=—kgT In p(¢), )
based on a director description and ansatz funcfiofisn
Ref. 7, the effects of strength anchoring on the director conWherekg is the Boltzmann constant afdis the temperature
figuration are investigated using ansatz functions and by corf?f the system. In Monte Carlo simulations, the probability of
sidering the linear regime of weak anchoring limit. The non-Visiting high-energy states is low and their sampling is gen-
linearity of the Euler—Lagrange equations that describe th&rally poor. To improve the sampling of these regions of
elastic deformations of the nematic liquid crystal makesPhase space, it is often advantageous to constrain the reac-
these problems nontrivial, and numerical simulations havéion coordinate or to introduce a biasing potential. Another
become more common. For instance, the effects of strengifyay for sampling phase space more efficiently is through the
anchoring have been investigated using Monte Carlo simulase of expanded ensembles where intermediate states, not
tions within the director descriptichand several authors necessarily physical, are introduced to facilitate transitions
have investigated the effects of the particle size, externdPetween states separated by large energy bartsers for
field, and the presence confining surfaces through numeric#istance Ref. 14 and references thereithe method used
minimization of the Frank free enerdy* The configuration ~here consists of a combination of canonical expanded en-
of nematogens around a spherical particle has also been stuggmble simulations with a density-of-states formalism.
ied with molecular dynamics simulatiofs*® The system is characterized bymesogens in a volume

In this work, two different approaches are used to examY and at temperaturé. We consideM subsystems along the
ine the behavior of suspended particles in liquid crystalling'€action coordinat¢ such that thenth state corresponds to a
systems: Monte Carlo simulations and dynamic field theorygiven position of the colloidal particle specified gy= .
A Monte Carlo method based on the combination of canoniThe values{y, {,={1+AZ, ... .{n={+mAL, ..., and
cal expanded ensemble simulations and a density-of-statés1= {1+ MA/Z, define a “window"[{;,{\w] of the region of
formalism is implemented to study the nature of liquid Crys_in_terest. The partition functior of the expanded ensemble is
tal mediated effective interactions. A dynamic field theory ongdiven by

the second rank tensor is developed and solved numerically. M M
This approach permits study of the relaxation of the nematic, »_ E Z(N,V,T,m)gm= E Zo G )
the dynamic behavior of defects, the equilibrium structure of m=1 m=1

the nematic, and the free energy of the system. With these . . " .
two approaches, we investigate the structure of the nemati‘elhere.z.m(N’V.'T'm) is a canonical partition fupct|on arg,
around particles of various sizes, effective potentials betweef} positive weighting fgctqr, both corrgspondlng to the par-
a particle and a substrate, and also between two particleg.cma}r S‘a‘e”?- The ngghtlng factogr |s_determ|_ned self-
This study provides an understanding of the interplay be-can'St?me n adepsﬂy—of-states formalism designed to pro-
tween director configurations and the nature of the coIIoidaYIde uniform Saf'.‘p"”g of the .states. . .
interactions. In particular, we find that when two particles are . The probabilitypr, of finding the system in staten is
at close distance, interactions between distinct defects yielg'ven by

new configurations and an effective attractive force. A quan- Z.g
mam

titative mapping between the results of Monte Carlo simula-  p_ = 3
tions and field theory is presented to analyze the limits of z
validity of the theory.

The paper is organized as follows. In Sec. Il we presenl:Or any two statek andm
the Monte Carlo method. In Sec. Ill we present the dynamic 5 DOk
field theory on the second rank tensor. Our results are pre- = (4)
sented and analyzed in Sec. IV. Zx POk

and the difference in the free energy between two states
andk is given by
The interaction between a colloidal particle and a hard
wall (or also between two colloidal particlesan be quanti- AF = W(Z)— () = — L, %m
fied through a potential of mean force. The potential of mean m K Bz, '
force (PMF) provides a measure of the effective difference in
the free energy between two states as a function of a specifighich, in terms of the weighting factors, can be written as
degree of freedom of the system. This degree of freedom, AF=W(Z)—W(&)
referred to as reaction coordinate, can be a physical coordi- m K
nate. In this work, the reaction coordinagerefers to the 1
distance between a particle and a wall. The method used to == E{“" Pm—IN p=In gm+1n gy} (6)
evaluate the potential of mean force has been described
recently* It relies on a combination of a canonical expanded(In what follows, AF denotes a difference between two po-
ensemble simulation with a density-of-states formalism.  tentials of mean force, determined from Monte Carlo simu-
The PMF is connected to the probabilipy{) of finding  lations or from the field theory.The interpretation of the
the system of interest in a state, labeled {pythrough the weighting factors is apparent from E(): if the states are
reversible work theoref sampled uniformly during the simulations, such that

Il. EXPANDED DENSITY-OF-STATES METHOD

®)
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until the running estimate of the weighting factors converge
to the density of stategThe threshold value is fixed at
In f<0.006 25).
Simulations were performed with a system containing
=y 11 460 liquid crystal molecules and were conducted with the
same parameters as in Ref. 14. Namely, mesogens interact

X via a shifted and truncated repulsive Gay—Ber(@B)
g potential®
Uj=4eo(0 *~ 0%+, 0f<2 ©)
=0, o;}>2, (10
Yo 7 . e
with
FIG. 1. Scheme of the system.
eij=(Irij| = oij+ o)/ 09, (13)

=pp, for every state, the differenc@AF is provided by x| (FiGi+7-0)%  (F-0i+7;-0))? i
—In(gy/g,,). Knowledge ofg,, provides the density of the 2ii=%0 1= 5 14 vt t T~ ’
XUi-U; 1—xu;-y;

statem. (12)

To achieve uniform sampling and evalugtg, a random
walk is performed in the staten. During the course of the and
simulation, the colloidal particle and the mesogens are rear- 5
ranged through arbitrary Monte Carlo moves. To study the _K -1 (13)
interaction between a colloidal particle and a wall, we con- K2+1’
sider displacementd ¢ of the particle along the axis, the .
walls being the horizontal top and bottom plariese Fig. 1 whereu; denotes the molecular orientation along the main
Periodic boundary conditions are imposed in the other direc@is of the ellipsoid, rj; denotes the intermolecular vector
tions. The Monte Carlo moves for the mesogens consist ofij='i—j, With r; the position of the mesogén(Unit vec-
trial random rotations and displacements. Standard Metropd®rs are identified with hats;;=r;; /|r;;|; o corresponds to
lis criteria are implemented. A Monte Carlo cycle consists ofthe width of the ellipsoids, and their length-to-width ratio is
a trial move of all liquid crystal molecules. After one cycle, fixed at«=3). The interactions of mesogens with the sur-
a move from one statm to a new statd is attempteddis- face of the sphere and with the walls are described also by a
placement of a colloidal partidieThe acceptance criteria for Shifted Gay—Berne potential defined, respectively, by
a trial move from an old to a new state are given by

Qisph:(|ri_rspfl_R+0'0/2)/0'0a (14
Pacc( O|d—>nev\b = min{l,e*B(Unew*Uold)*(ln GnewIn gold} q
an
=min{l,e #AU-Alng (7)
. o . — Ciwan= (12| = Zwar+ o0/2)/ 7g. (15
Each time a new state is visited, the corresponding weighting
factor g,e, is modified by a convergence factbrgreater Two walls, located az= +z,,, are separated by a dis-
than 1 tance equal to 34y; rynand|z| -z, denote, respectively,
the position vector for the center of mass of the sphere and
Gnew— f* Inew: (8)

the normal distance between mesogemnd a wall. The ra-
and the histograms of the corresponding state is updated. Alius of the sphere is denoted B In what follows, z, is

the beginning of the simulation, the weighting factggsare  the normal distance between the surface of the colloidal par-
set to be uniform. If the original state has a higher energyicle and the wall. This definition of,, is adopted both in
than the trial state, then the trial state can be easily visitedylonte Carlo simulations and dynamic field thedsee Fig.
andg, e is updated. As the sampling of phase space proceedk for an illustration of the system and the notatipriEhe
during the simulation, the more often a state is visited theeduced densityp*zpog of the system is fixed ap*
greater its weighting factor becomes. The rafig,/gd.q can  =0.335 and simulations are conducted at constant tempera-
eventually become smaller than unity. The system is thereture T* =kgT/€y= 1. The estimation of the weighting factors
fore induced to sample states of phase space that have beisnperformed on several overlapping windoys, ¢y ] for

less visited, promoting the sampling of high-energy statesthe physical coordinaté=z,,. Each overlapping window
Once a global histogram is sufficiently fl@he minimum [zéphzg"ph] consists of 200 states withz=0.01. The PMF
population is enforced to be at least 85% of the average between a colloidal particle and a hard wall is determined
density-of-states Monte Carlo cycle is assumed to be comwith simulations over nine windows. Initially, all weighting
pleted. After that cycle, the convergence factor is altered byactorsg,, and the convergence factor are set equah

the square root functioany monotonically decreasing func- To generate director configurations or density profiles, the
tion with unity as the fixed point can be useahd a new coordinate{ is fixed and standard Monte Carlo simulations
Monte Carlo cycle is repeated. The cycles are performedre performed.
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IIl. DYNAMIC FIELD THEORY The molecular field is given by
The second approach is a based on a dynamic field _ oF | - OF 20
theory for the second rank tensor. At the microscopic level, T %+ 350" 20

nematogens are characterized by a nonisotropic distribution B ] ) ) )
function ({i), which measures the probability that a mol- Where F=Fs+F. is the total free energy, is the identity
ecule is oriented in thé direction. A quantity that captures operator, and the last term arises from the minimization of

the anisotropy of the fluid is the symmetric traceless tensof® free energy keeping the order paramegetraceless.
order parameter From Egs.(17)—(20), and by identifying the coefficienf

with the rotational diffusivity coefficienD* through the re-
Qij=(uiu;—35;), (16)  lation T =6D*/(1— 2QnQmn?2 one obtains the following

where the bracketA) = f Ay({)dli, denote an average over equation of motion for the components of the tensor order
S

all possible orientations on the unit sphere. In the preserﬁarameter:

description_, the tensor order paramet®(r) defines a 9Q; 6D* U
coarse-grained order parameter that represents the local av- =— 3 51 Al 1— 3 Qjj
erage Eq(16) at pointr. (In what follows, the usual sum at (1_ _anan)

over repeated indices is assumed. 2

In the present model, the equilibrium properties of the
liquid crystal are described by a Landau—de Gennes free —AU
energy’ that comprises a contribution describing the long-
range elastic forces dominant in the nematic phase

QiQOj_ ?anan

|_l +AUQij(anan)_Llﬁpainj} . (21)
fe:f dr —(9;Qji) (4 Qjk), 17
2 The above equation gives the time-evolution equation
wherel ; is a material-specific elastic constant, and a shortfor the order parameter and represents a particular case of the

range elastic contribution of the form Beris—Edwards formulatiol?. An important property of the
time-evolution equatiofiEqg. (21) is that it is not restricted to
£ :f dr[é(l— E)Q-Q- the neighborhood of the first-order phase transition, but it
s 2 3) Ul also extends into the nematic phase for high values of the
AU AU nematic potentiall. - . o
— TQijQikaﬁ T(QijQij)z]- (18) In the most general situation, the diagonalization of the
tensor order parameter has the form
Equation(18) describes the excluded volume effects respon- 25
sible for the first-order transition from the isotropic to the — 0 0
nematic phase. In this model, the first-order transition occurs 3
at a magnitude of the nematic potentidl=2.7. (An inter- | o 7n—S 0
pretation of the phenomenological paramet&rand U can Q= T3 ' (22)

be obtained from the description of the nematic with a ki- +s
netic theory for rod-like molecule€. The dimensionless 0 0 _ne
nematic potentiald can be related to the number of mol- 3

ecules per unit of volume; the coefficieAthas dimensions \here S denotes the nematic scalar order parameter gnd
of pressure and represents in essemkgl, wherenis the  denotes the biaxiality. The eigenvector associated with the
number density of rod-like moleculgsThe strength of the  highest eigenvalueSI3 corresponds to the generalization of
two contributions, Eq(17) and Eq.(18), depends on the the directom.

liquid crystal of interest. For polymeric liquid crystals, short- At pounding surfaces, we assume tigats uniaxial and
range interactions are expected to be dominant, whereags the form

long-range interactions are dominant for low-molecular

weight liquid crystals. Parametéx permits control of the Q=S*{(nn—3l), (23
relative magnitude of the two contributions. For given vaIuegNh
of the phenomenological parameters that arise in this theor¥iu
it is convenient to introduce the quantigy= \18L,/AU as a

eren is the director at the surface, agg, is the equilib-
m nematic order parameter given in the Doi thédityy

characteristic length scale for changes of the order parameter. 1 3 | 8

The time evolution equation fa@ is obtained from the Seq:Z+ 4 1= 3U (24)
molecular fieldH that provides the driving force responsible
for the relaxation of the order parameter towards the mini-  In the unaxial limit, the material specific elastic constant
mum of the free energy Ll iS related to the Sp|a)K11, bend K22, and tW|St K33

constants, through the relatidfsL;=K;;/S?=K,,/S’
=K43/S?, which correspond to the one-constant approxima-
tion.

0Q

— =TH. (19
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The calculations are performed with a set of parameters
that is representative of a low molecular weight liquid crystal
such as pentylcyanobiphenybCB) (see Ref. 20 for the
simulation parameteysThe nematic potentidl can be cho-
sen to give the same equilibrium val8& as observed in the
Monte Carlo simulations. To compare results from theory
and Monte Carlo simulationg) is fixed atU=4.8, which
leads to the equilibrium valu&,,=0.75. This equilibrium
value corresponds to that observed in Monte Carlo simula-
tions when the bulk density is fixed at =0.335. The sys-
tem is the same as in Monte Carlo simulations and corre-
sponds to a particle confined between two wédkse Fig. L
We consider the case of strong homeotropic anchdirimgj-
ecules oriented perpendicularly to the surfaatthe surface
of the particle and at the surface of the walls. Periodic
boundary conditions are imposed in the other directions. All
calculations are performed with an initial configuration that

corresponds to a uniform nematic order where all molecules 10 S
point in thez direction. The director is initially aligned along - 08
the z direction withn=(0,0,1) and the nematic scalar order

parameter is fixed at the equilibrium value E@4). The 05

corresponding initial tensoQ in the simulation box is

uniaxial and given by Eq23). The relaxation of the nematic 2£ oo
is obtained by numerical integration of Eq21). A Euler ’
scheme is used to solve these equations. Derivatives ar
evaluated by finite difference methods on a regular grid. The 05
insertion of a particle is implemented automatically in the
numerical procedure, where the grid is defined in the entire

area of interest except in the region inside the particle. Two- Bt
and three-dimensional simulations are performed in this

work. We have used different mesh divisions for the spatial
resolution of the grid and also several time steps to verify the XE ( b )
stability of the numerical resolutiofsee Ref. 21 for the grid
parameterns The resolution is performed on the six compo-
nents ofQ, which allows us to verify that the traceless con-
dition, Qxx+ Qyy+Q,,=0, is satisfied at each time step.

1.0 05 0.0 05 1.0

FIG. 2. Particle in uniform nematic: optical picture for the director profile
(a) and nematic scalar order paramegg(b), from the theory(2D systen.

IV. RESULTS AND DISCUSSION the particle; they are then repelled from the surface of the
o o particle until they reach an equilibrium positiofWe have
A. One particle in a nematic liquid crystal: observed that in three dimensions, the particle is also sur-
f?l)nrgl?r?eoéixgg;?%lggl:gstfiiﬁs and deviations rounded by a Saturn ring. See Ref. 22 for detafsgure 3
reports the director profile obtained from Monte Carlo simu-

We first consider the insertion of one spherical particlelations for a particle of radiuR=40,. The director profile
into a nematic liquid crystal. The particle is fixed in the is also characterized by a Saturn ring defect located in the
middle of the cell(both in simulations and in the thegry equatorial plane of the particle.

Simulations and theory indicate that the particle is sur-  Two configurations are possible for homeotropic anchor-
rounded by a Saturn ring disclination line. Figure 2 showsing at the surface of the particle: a Saturn ring or a hedgehog
the director profile and the order parameter at equilibriumconfiguration. The Saturn ring configuration obtained in this
For the director profile, the “optical” picture is obtained by work is due to the fact that the particles considered here are
assigning a color proportional tm{n,)?, and representative relatively small. In Monte Carlo simulations, the radius of
of the intensity of light transmitted through two crossed po-the particle is of the order of several molecular lengifys
larizers in thex- andz directions. In this optical picture, the In the theory, the radius of the particle is of ordgrthe
Saturn ring(—1/2 disclination ling is characterized by two characteristic length for changes of the order parameter. For
bright brushes in the equatorial plane of the particle. For thesuch particle sizes, the Saturn ring configuration is expected
nematic scalar order parameter map, a color is attribut&l toto be more stable than the hedgehog configuration. This is
depending on its magnituddark colors for low values o). also suggested by previous numerical analyses on the stabil-
The results from the theory are obtained from two-ity of the defects showing that a Saturn ring configuration is
dimensional calculations. During the relaxation of the liquidstable for particles with radii smaller tha~250 nm?
crystal, the defects are first created in the neighborhood of We have analyzed the location of the ring defectvith
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L T TINANAA A LV L of large particles.
~~~~~ NN R As the size of the particle decreases, results from Figs. 4
a2 o N A NN N S N S S and 5 show deviations from the linear behavior. In the limit
SRR NN NN of large particles, the spatial extension of the core defect can
N N A R S N A N S S N S TR I SR I be neglected. The description of the structure of the nematic
R b in terms of the director is thus appropriate, and leads to a
'70 2 4 6 8 constant ratioa/R. However, for submicron particles, the
linear regime is no longer valid, emphasizing the fact that the
X0, spatial extension of the defect cannot be neglected. Our re-

FIG. 3. Particle in uniform nematic: director profile, from

simulations.

both approaches, for various radi of the particle. At the

sults indicate that departures from the continuum theory ap-

Monte Carlo pear for particle radii smaller thaR~8o in Monte Carlo

simulations, and for radii smaller thd~4¢ in the theory.

This analysis provides a basis to establish a correspondence
between the width of the mesogeng (in the molecular
description and the characteristic lengthof the theory,&

point defect the scalar order parameter exhibits a minimum-24. Using the correspondence=2c,, the results ob-
(see Fig. 2 The location of the defect is determined by tained from the theory for the location of the defects are

looking for the minimum value in the scalar order parameter
S The results are reported in Figs. 4 and 5, for the theory and

for the Monte Carlo simulations, respectively. For the theo- 2 ' T ' T ' J ' T
retical results, lengths are given in units &f for Monte - MC -
Carlo results, lengths are given in units@f. From Fig. 4, sl OO Theory (§<20y |

one observes that as the size of the particle increases, th
defect is bound to the particle at a distaracthat is a linear
function of the radius, witha~1.2(R (see the data foR 16
=2.7¢ andR=4.4¢). As indicated by Fig. 5, Monte Carlo g
simulations suggest that for a large particle, the rati®

tends to a constant value of approximately 1.2. This value 14
obtained for a large particle is consistent with that obtained
within the framework of the continuum theofpr equiva-
lently with the director descriptionindeed, previous analy-
ses based on the numerical minimization of the Frank free
energy givea~1.1(R for the location of the defedf*! In

these studies, the difference in the elastic constants is prob 0

ably responsible for the quantitative difference in the ratio
a/R. Previous estimategnade in the one constant approxi-
mation give a~1.22R from Monte Carlo simulation$and
a=(7/3)Y"R~1.23R within the electrostatic analody.

FIG. 5. Location of the defe@/R for various particle radiR, from Monte
Carlo simulationgdiamond$. Results from the theor{circles have been
reported using the corresponderice2oy .
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FIG. 6. Particle at contact with a solid surface: optical picti@e nematic
scalar order paramet& (b), from the theory(2D systen).
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T T T T T T T T T T T

0O--0 R=0.36¢
$ O--8 R=0.7¢ J
O R=1.4¢

FIG. 7. Potential of mean force between a particle and a solid surface, from
the theory(2D systen.

Zgon between the particle and the walln what follows, AF

is defined as the free-energy difference between a given po-
sition of the particle with the particle located in the middle of
the cell) The potential of mean forcAF is reported for
three different radii of the particle, namelR=0.36¢, R
=0.7¢, andR=1.4¢. Figure 8 shows the potential of mean
force obtained from Monte Carlo simulations. Simulations
are performed for particle radiiR=30,, R=40y, R
=504, andR=60,. The theory predicts an increasing free-
energy variation as the distance between the wall and the
colloidal particle decreases; Monte Carlo simulations predict
a global repulsive force, with the occurrence of oscillations
and local minima. The occurrence of these local minima is
due to the formation of smectic layers at the wall. Figure 9
shows a density map for the whole simulation cell for a
particle of radiusR=30 fixed at the surface of the wall.

reported in Fig. 5, where the lengths have been scaled in

units of o in order to make the comparison with Monte

Carlo results. This first comparison between theory and
simulations shows good agreement, suggesting that the mo 50k
lecular model is well represented by the present dynamic

theory.

B. Interaction between a particle and a wall

T T T T T T T

J— R=300 (MC)
...... R=4q,, (MC)
--- R=50,(MC) b
R=600 MOC) -
R=300 (Theory)
Fi=4<70 (Theory)
R=50,(Theory)

200

150

. . . . . |
In this section we consider the interaction between a%

particle and a wall. We first present the results from theory.
Figure 6 shows the optical picture giving the director profile
and the nematic scalar order parameter for a two-dimensiona
system. A patrticle of radiuR=0.3€ is located at the sur-
face of the wall. The comparison between this figure and the
structure obtained for a particle in the middle of the ¢sdle

Fig. 2 indicates that the defects are no longer in the equato-
rial plane, but are shifted towards the wall. This is revealed
by the optical picture and also by the position of the mini-

100

50

g
]

>eeDn :

R=60, (Theory)

mum in the order parameter. Similar deviations for the locaFI!G. 8. Potential of mean force between a particle and a solid surface, from

tion of the rings are observed from Monte Carlo simulations.

Monte Carlo simulationgcurves. The symbols correspond to potential of
mean force estimates obtained from the the(8) system. Theoretical

Figure 7 _ShOWS the dimensionless pOte_miaI of mean for_ceresults are scaled using the correspondene@a, and one single factor for
AF, obtained from the theory as a function of the separationhe free-energy unitésee the tejt
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X/b'o ! FIG. 9. Density maga) and density profile across the
a cell at x/ogq=10 (b). (The radius of the particle iR
=30y.)

2T T T T T T T T T T

1.5 ‘ H

0.5 .
0 | L | L | L | L | L | L | L | 1 |
-16 12 8 4 0 4 8 12 16

Zlo,

The color is proportional to the average density, with darkproaches. For that purpose, calculations have been performed
colors for high density. The density curve in Fig. 9 gives thein three dimensions with the theory, for four particles of
density profile across the cell and between the two walls atadiusR=1.5¢, R=2.0¢, R=2.5¢, andR=3.0¢ (according
position x=100,. From the density profile, it can be seen to our previous mapping= 20, these radii correspond to
that, near the walls, liquid crystal molecules are densehNR=30,, R=40,, R=50,, and R=60, respectively.
packed and form several layers. The presence of these layefse corresponding potentials of mean force as the particles
is responsible for the metastable positions of the particleapproach the walls are reported in Fig. 8. The free-energy
configurations with the particle trapped between two layerestimates provided by the theory and Monte Carlo simula-
are more stable. These features, which originate in the mdions are given in different units; a correspondence between
lecular structure of the system, cannot be captured by ththe two approaches is established as follows. We rescale the
dynamic field(which yields a monotonic potential of mean free-energy units obtained from the theory using a single
force). It is interesting to compare quantitatively the two ap- multiplicative factor. This factor is determined by matching
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the maximumAF . zspn=0) obtained from the simulations structure of the nematic and the nature of colloidal interac-
for R=40,, with the maximumAF ,(zs,xw=0) obtained tions when the particles are at short distances, and we restrict
from the theory forR=40,. The same factor is used to our analysis to the case where particles are located in a plane
rescale the potential of mean force for the other particle radiiperpendicular to the direction of the nematic orfearticles
Figure 8 shows that the agreement between the two amt the same coordinate with a uniform nematic order in the
proaches is quantitative: the results obtained from the theory direction.
basically constitute a smooth average of the free-energy We first consider the case of two particles in two dimen-
curves obtained from the simulations. The particle size effecsions. Figure 10 shows optical pictures of the equilibrium
and the range of repulsion are captured quantitatively by theonfigurations for particles of radR=3.3¢ at the three dis-
theory down to molecular length scales. tancesdg, = 1.1¢, dg, = 3.3¢, anddg,~ 6.1£, wheredg,

We conclude this section with the following comment on denotes the distance between the two colloidal surfaces. At
the comparison between the two approaches. Experimentalligrge distancesd, = 6.1¢), the equilibrium configuration is
the orientations of the liquid crystal molecules and thecharacterized by particles surrounded by two Saturn rings.
strength of the anchoring at the various surfaces depend qrpr particles at short distances, we observe that the defects
the system under study. For instance, in emulsions, the afhat are first created at the surface of the particles can interact
choring properties can be controlled using various amvyith each other during relaxation, leading to different struc-
phiphilic compounds adsorbed at the droplet—liquid crystakyres; see Fig. 10 falg,= 1.1& anddg,= 3.3¢. In that case,
interface®* In the case of solid surfaces, the anchoring Prop-equilibrium configurations are characterized by two topo-
erties can be controlled using seli-assembled monolayers ¢§gica| defects located in the midplane separating the two
different compositions Past studies on the effect of anchor- o ticles. As the distance between the two particles increases,
ing strength show that the distance between the defects anfe 5 topological defects in the midplane approach each
the colloidal surfacé,as well as the nature of the interaction other (see the optical picture faiy,=3.3¢). Figure 11 re-

bﬁtween a par;[!cle "ﬂﬂ a SOL'd sulrfzitér]egiepenlg on ;he an- | yports the potential of mean force as a function of the distance
choring properties ot the system. in this work we have on dg,s- Calculations are presented for particle radir 2.8¢,

con5|de_red the case of strong homeotropic ar_1chormg in th —3.3¢, andR=23.9¢. From these results, one can observe
theoretical description. In the molecular description, the an- . ; o .

. . . . that the colloidal interaction is characterized by three re-
choring properties result from the choice of the potential.

o . ~
The potential used here is the same as that employed in %l;f)ns. a repulsive force at contact and fdy,/¢<1, an

previous study of a colloidal particle in a bulk liquid effective attractive force fpr distances in the range L
crystal*® This choice of potential gives rise to strong homeo—gdsu”/gga and a repulswe forc<_a at '°.”9er distances
tropic anchoring propertiegnolecules oriented perpendicu- ds“”/.§>5' The repulsmn at co.ntac,t is explained by the an-
larly to the surfacg The very good quantitative agreement choring _propert|es_, at the parhcles surfape. The strong ho-
observed between theory and simulations for both the locdN€OtropiC anchoring properties at the circular surfaces in-
tion of the defectsof different particle radji and the inter- duce an increase in the free energy when particles are at
action between a particle and solid surface indicate that th€oNtact. This repulsion is similar to that observed for a par-
dynamic theory employed here gives a good description oficle interacting with a'solld surface, Wl_th a characteristic
the molecular description when molecules exhibit strong hof@nge of order¢ (see Figs. 7 and 8, which also suggest a
meotropic anchoring properties at the various surfaces in thgharacteristic interaction range of ordégr When the dis-
system. In that limit, the theory can be used to investigate thénce between the two particles increases in the range 1
structure of the nematic around small particles, down to mo=dsu/ §<5, the effective force becomes attractive. This at-
lecular length scales, with the caveat that the density profil&action corresponds to a “binding” between the two par-
and layer formation cannot be captured by the theory. ticles created by the two defects located in the midplaee

Fig. 10. For the particles considered here, the range of the

attractive force is found to be of ordeé. 5\t longer distances
C. Two particles in a nematic liquid crystal de,=5¢&, one observes a slow decay &F and a repulsive
at short distance force. For long distances between the partiolkg=5¢, the

In this section, we use the theory to study the interactiorflirector configuration as shown in Fig. 10 is that of two
between two particles at short distances in a uniform nematifarticles surrounded by their own Saturn rings. In that case,
liquid crystal. the potential of mean force shows a repulsive force between

For particles surrounded by Saturn ring defects, previou#€ particles. The occurrence of the repulsive force for par-
calculations of the long-range pair potential within the direc-ticles surrounded by its Saturn ring is in qualitative agree-
tor descriptioR® indicate that the nature of the colloidal in- ment with the results of a literature stutin that work, the
teraction depends on the particles’ position with respect tdair interaction potential between two macroscopic particles
the direction of the uniform nematic order. This stéflin-  surrounded by a Saturn ring was determined from the linear
dicates a long-range repulsive force when the two particlesegime of weak anchoring limit; in that limit a repulsive
are aligned along the direction of uniform nematic order, andorce is observed at long distances when particles are ori-
also when particles are located in the plane perpendicular tented perpendicular to the direction of the nematic order. In
this direction. An attractive force between the two particlesthe present work, we consider the interaction between par-
occurs at a certain oblique angle. Here, we investigate thacles that are smallseveral molecular lengthsAs indicated
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20 -10 0 10 20

FIG. 10. Director profile for two particles of radit’s=3.3¢. Optical picture
for distances between the colloidal surfacdg,=1.1¢ (a), dg,+=3.3¢ (b),
anddg,=6.1¢ (c), from the theory(2D systen.

by Fig. 11, for such small particles, the repulsive force is

present but it vanishes rapidly, as
mean force that tends to a constant valuedgy;/£=8.
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| . |

5
e

FIG. 11. Potential of mean forc&F as a function of the distance between
the two colloidal surfacedg,;, from the theory(2D system.
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shown by a potential OLIG. 12. Nematic scalar order parametgrfor two particles in three

dimensions: in the plang—y (&), in the midplaney—z between the two

The structure of the nematic, revealed by our calculaparticles(b).
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pendicular to the direction of nematic order. We have inves-
tigated the three-dimensional configuration when colloidal
particles are aligned in thedirection. Our calculations re-
veal only configurations where particles are surrounded by
their own Saturn ring, and they do not exhibit any defect
structure that could explain the nature of the bubble-gum
defect.(Investigations of other possible structures would re-
quire starting from initial ansatz configuratipimhe defect
structure presented in Fig. 13 is a new possible structure that,
to the best of our knowledge, has not yet been observed
experimentally.

V. CONCLUSION

The behavior of suspended particles in a uniform nem-
atic liquid crystal has been studied with Monte Carlo simu-
lations and dynamic field theory. A Monte Carlo method that
combines a canonical expanded ensemble with a density of
states formalism was implemented to evaluate potentials of
mean force. A dynamic field theory was solved numerically
to determine potentials of mean force and equilibrium con-

4 figurations. Our results indicate good agreement with previ-
L . . . o ous estimates for the location of defects in the limit of large
FIG. 13. Two particles in a nematic: three-dimensional visualization of the . .. . .
disclination lines. For particles at short distance, a circular disclination ringpamdes’ and show that deviations from the director descrip-
appears between the two colloidal particles. tion arise for small particlesR<8c, or R<4¢). Calcula-
tions on the interaction between a particle and a solid surface
predict a global repulsive effective force, with the presence

. . . . . . . . of local minima in the potential of mean force. These minima
tions in three dimensions, is particularly interesting. The cor-

responding nematic order parameSsis reported in Fig. 12 are dug to layer formation' near.the wall. The strug:ture of the
in the plane &,y) and in the planey(,z). The minimum in nematlg aroupd two' particles is also anglyzed. in two and
the order parameter, represented by the dark color, corrébree dlmen5|on§ with t'he theory. Two-dlme'n3|onal rgsults
sponds to the location of the disclination lines. The correndicate that particles with strong homeotropic anchoring at

sponding disclination lines are reported in Fig. 13. Fromlarge distances are surrounded by their own Saturn ring de-

these figures, one observes that the three-dimensional strd@Cts and, for sufficiently short separation distances, the two

ture is characterized by the occurrence of a circular disclinad€f€cts interact with each other, leading to different director

tion line between the two particles. As the distance betweefionfigurations and an effective attractive force. In three di-

the two particles increases, this circular ring becomednensions, a circular disclination line between the two par-

smaller.(This is similar to the two-dimensional calculations, icles is observed. , ,

where the defects in the midplane become closer to each Comparison between molecular simulations and theory

other as the distance between the particles increaaes, shows good quantitative agreement, and provides a good cor-

for sufficiently large separation distances, each particle iLespondence between the characteristic length introduced in

surrounded by its own Saturn ring without the presence of 1€ field theory with the length of the mesogens in the mo-
circular ring between the particles. lecular description. This work also indicates that the theory,

Experimentally, different configurations have been 0b_originally conceived to investigate the structure of a nematic
served for the binding of two colloidal particles at short dis-at mesoscopic length scales, is also able to describe its struc-
tances. In the experiments of Poubtal,?’ one configura- (Ure down to molecular length scales.
tion corresponds to a linear chain of two particles, each of
them being accompanied by a hedgehog defect. A differerACKNOWLEDGMENT
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