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CORRELATIONS OF THERMAL DIRECTOR

FLUCTUATIONS IN FILLED LIQUID CRYSTALS

Oleksij Vasylyev and Igor Pinkevich

Kyiv National Taras Shevchenko University, Physics Faculty,

Prosp. Glushkova 6, Kyiv 03022, Ukraine

The liquid crystal director-colloidal particle surface interaction in filled liquid

crystals causes the thermally-induced director fluctuation correlations to be

screened. This is consistent with the experimentally observed reduction in

the thermal director fluctuation-induced Rayleigh light scattering in filled

liquid crystals. The colloid-mesogen interaction also induces director non-

uniformity in filled liquid crystals, thus further modifying the spatial depen-

dence of the director fluctuation correlations, and shifts the critical tempera-

ture at which the isotropic phase loses its stability with respect to nematic

fluctuations. The shift is specifically particle-size dependent, and this will

enable the phenomenon to be recognized experimentally.

Keywords: filled liquid crystals; thermal director fluctuations

1. INTRODUCTION

Heterogeneous liquid crystal (LC) systems consisting of aerosil (small silica
particles) suspensions in a nematic LC matrix possess extremely interest-
ing electro-optical properties. These were first demonstrated by
Eidenschink and de Jeu [1] and Kreuzer et al. [2], and have been the sub-
ject of numerous further studies [e.g. 3–7] These systems have become
known as Filled LCs. Silica particles (diameter �100 – 1000 Å) create
multiple defects in the LC orientation structure, resulting in strong Ray-
leigh light scattering. The transformation and disappearance of some pro-
portion of these defects in an external electric field causes the medium
to become transparent.

This work was supported by INTAS grant N 99-0312. We thank T.J. Sluckin for some useful

remarks and for reading a preliminary version of the manuscript.

Address correspondence to Oleksij Vasylyev, Kyiv National Taras Shevchenko University

Physics Faculty Prosp. Glushkova 6, Kyiv 03022, Ukraine.

231=[2367]

Mol. Cryst. Liq. Cryst., Vol. 413, pp. 231=[2367]–238=[2374], 2004

Copyright # Taylor & Francis Inc.

ISSN: 1542-1406 print=1563-5287 online

DOI: 10.1080=15421400490437123

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
0:

40
 1

1 
A

ug
us

t 2
01

2 



It seems likely that whether or not the filled LC state is transparent or
scatters light strongly, the thermal director fluctuations responsible for
Rayleigh light scattering in conventional LCs are strongly suppressed.

Filled LC is an example of the systems with quenched random disorder.
It is of great importance to understand in which way the ordering of such
systems varies as a function of the ordering and disordering field strengths.
Yu et al. [8] performed Monte Carlo simulations to study the equilibrium
ordering in a two-dimensional nematic system with quenched random dis-
order. When the disordering field is sufficiently strong it is found that the
long-range correlations of the director orientation decay as expð�n�1

rÞ.
Note that Imry and Ma [9] in the model of continuous random fields predict
the decay of the long-range correlations of the order parameter as
exp½ð�n�1

rÞ4�d� where d is the dimensionality of space. Fridrikh and
Terentjev [10] theoretically studied order-disorder transition in an external
field in random ferromagnets and nematic elastomers. In particular, they
show that the external field exceeding some threshold value suppresses
the thermal and the quenched disorder in these systems.

Below we show that LC director anchoring with the surface of the
colloidal particles leads to thermal director fluctuation suppression which
is similar to that obtained in [8,9]. We estimate the external field value that
is required to obtain the same suppression of fluctuations as due to the
director anchoring with colloidal particle surface.

This paper is organized as follows. In section 2 we study the nematic
phase in the filled LC and show that director-colloidal particle surface inter-
action causes the screening of the director fluctuation correlations. In
section 3 we show that the analogous interaction in the isotropic phase
causes the effective critical temperature at which the isotropic phases
loses its stability to be increased. Finally in section 4 we draw some brief
conclusions.

2. FILLED LC: NEMATIC PHASE

The nematic phase, which exists in the absence of colloidal impurities,
remains in the filled LC. However, the director field is in general now
inhomogeneous. This inhomogeneity is caused by the interaction between
the LC and the surfaces of the colloidal particles. We suppose the colloidal
concentration to be sufficiently small that any consequent change in the LC
elastic constants can be neglected. The free energy of filled LC can then be
written in the form

F ¼ K

2

Z �
ðr:nÞ2 þ ðr � nÞ2�

dV �W

2

Z
R
ðn:eÞ2

dS; W > 0 ð1Þ
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In Eq. (1) first integral is the usual Frank-Oseen-Zocher elastic energy in
the one constant approximation [11]. The second integral is taken over
the surface of all particles, and gives the free energy contribution from
the so-called anchoring interaction between the director and the colloidal
particle surfaces [12]. Here n ¼ n(r) is the LC director, K is an elastic
constant, W is a director anchoring energy with particle surface, and e is
a unit vector along the easy orientation axis on the particle surface.

To obtain the director equilibrium distribution in the filled LC it is neces-
sary to minimize the free energy (1) to obtain a differential equation for
n(r) subject to specific boundary conditions. The corresponding solutions
n0(r) have been obtained in papers [3–7] in the case of small concentration
of spherical and cylindrical particles. Taking into account the thermal
director fluctuations dn(r) one must replace n(r) by n0ðrÞ þ dnðrÞ in
formula (1). We suppose that there is no correlation between an equilib-
rium director n0ðrÞ and dn(r). In this case we can omit in (1) terms con-
taining r.n0(r), r.dn(r), r�n0(r), r� dn(r), n0(r), dn(r); these terms
give zero after thermal averaging. As a result we can write the free energy
of filled LC as F ¼ F0þ dF, where F0 is a free energy equilibrium value and
dF is a free energy fluctuation contribution, which takes the form

dF ¼ K

2

Z �
ðr:dnðrÞÞ2 þ ðr � dnðrÞÞ2

�
dV þW

2

Z
R
ðdnðrÞÞ2 cos2 adS; ð2Þ

where a is the angle between the director and the easy orientation axis on
the particle surface.

It is convenient to take the Fourier transform

dnðrÞ ¼ 1

V

X
g

dnðqÞ expðiq:rÞ; ð3Þ

where V is the volume of the system.
Assuming the particles to be distributed homogeneously, one can writeX

m

expðiq:rmÞ ¼ Ndq;0; ð4Þ

where rm is the position of particle m, N is the total number of colloidal
particles, and we sum over all particles.

Performing the Fourier transform in (2) and taking into account (4) we
obtain for dF the following expression

dF ¼ K

2V

X
q

ðq2 þ n�2
W ÞjdnðqÞj2 ; ð5Þ

where the screening length nW is defined by:

nW ¼ g
WS

Kv0
cos2 a

� ��1=2

ð6Þ
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In Eq. (5) and (6), g ¼ Nm0=V is the so-called colloidal packing fraction

(i.e the proportion of the volume occupied by colloidal particles), S and
m0 are respectively the surface area and volume of a particle, and
cos2 a ¼ 1

S

R
cos2 adS, where the integral is taken over the surface of a

particle.
We now recall that the components of vector dn(q) are in general not

independent due to the condition

n0ðrÞ:dnðrÞ ¼ 0 ; ð7Þ

which follows from the condition that n is a unit vector. However, it is
possible to use the local coordinate frame with the z0-axis directed along
n0(r). The condition (7) now determines two independent components
dn1

0(r) and dn2
0(r) of the vector dn(r), where indices 1,2 denote two

coordinate axes in the plane perpendicular to the z0 -axis. Thus in the local
coordinate frame one may write:

jdnðqÞj2 ¼ jdn01ðqÞj
2 þ jdn02ðqÞj

2 ; ð8Þ

where the Fourier components dn01ðqÞ and dn02ðqÞ are independent.
Using Eq. (8), the expression (5) now takes the form:

dF ¼ K

2V

X
q

ðq2 þ n�2
W Þ

�
jdn01ðqÞj

2 þ jdn02ðqÞj
2� ð9Þ

Performing thermal averaging in (9) and using the equipartition theorem
we obtain:

�
jdniðqÞj2

�
¼ kBTV

Kðq2 þ n�2
W Þ

; ð10Þ

where i ¼ 1,2.
The thermal director fluctuation correlation function can be written in

Fourier transformed form as:

dn0iðr1Þ:dn0iðr2Þ
� �

¼ 1

V 2

X
q

�
jdn0iðqÞj

2� expð�iq:ðr2 � r1ÞÞ ð11Þ

Substituting the expression (10) in (11) and taking the integration over q

now yields the result:

dn0iðr1Þ:dn0iðr2Þ
� �

¼ kBT

4pK jr2 � r1j
expð�n�1

W jr2 � r1jÞ ð12Þ
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Let us denote the transition matrix between the local coordinate frame
and that of the laboratory by ÂA. The director fluctuation in the laboratory
coordinate frame now can be written as:

dn0iðrÞ ¼
X3

j¼1

AijðrÞdn0jðrÞ ð13Þ

Likewise, the thermal director fluctuation correlation function in the
laboratory coordinate frame takes the form:

dniðr1Þ:dnjðr2Þ
� �

¼
X3

k;l¼1

Aikðr1ÞAjlðr2Þ dn0
kðr1Þdn0

1ðr2Þ
� �

ð14Þ

Taking into account that dn0
3ðrÞ ¼ 0; dn1ðrÞdn2ðrÞh i ¼ 0 and substituting

the expression (12) in (14) we now obtain:

dniðr1Þ:dnjðr2Þ
� �

¼
kBT exp �n�1

W jr2 � r1j
� �

4pK jr2 � r1j
X2

k;l¼1

Aikðr1ÞAjkðr2Þ ð15Þ

If, for example, the laboratory coordinate frame is chosen so that r1 ¼ 0
and the matrix Aijð0Þ ¼ dij, then

dnið0ÞdnjðrÞ
� �

¼ kBT

4pK
� AijðrÞ

r
ð1 � di3Þ expð�n�1

W rÞ ð16Þ

In the case of a homogeneous director distribution in the filled LC (i.e.
there is no orientational interaction between the LC and the colloidal
particle surfaces) the matrix AijðrÞ ¼ dij and the nonzero components of
correlation function are equal:

dnxð0ÞdnxðrÞh i ¼ dnyð0ÞdnyðrÞ
� �

¼ kBT

4pK
� expð�n�1

W rÞ
r

ð17Þ

Equations (15)–(17) show that director fluctuation correlations are
screened and this screening is the result of the director-colloidal particle
surface interaction. Furthermore, these correlations are also influenced
by the static disturbance of the director field caused by the director-
surface interaction. We note that elements of the transition matrix ÂA can
be expressed in terms of the Euler angles of director orientation around
the particle, but that the corresponding expressions obtained for spherical
and cylindrical particles in papers [3–7] are too cumbersome to consider
here.

Correlations of Thermal Director Fluctuations 235=[2371]
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A similar screening effect can also be obtained by imposing an external
electric field in a pure nematic. It is useful to estimate the value of the
equivalent field E required to obtain the same screening effect as found
in the filled LC. The screening parameter in the electric field case is

n�2
E ¼ eaE 2

4pK
[11]. Thus, putting nE ¼ nW , we obtain:

E ¼ 4p
ea

� gWS

v0
cos2 a

� �1
2

ð18Þ

For spherical particles of radius R

E ¼ 12p
ea

� gW
R

cos2 a

� �1
2

ð19Þ

Substituting typical values g ¼ 0.03, R ¼ 10 � 7
m, ea ¼ 0.5, W ¼ 0,1 J=m2

[13], and putting cos2 a ¼ 1 we obtain E ¼ 10
8
V=m. This means that for

typical LC cell with thickness L ¼ 10 � 4
m, the stabilizing effect of the

colloidal particles is equivalent to an external voltage U ¼ 104 V. This is
more than two orders of magnitude greater than that usually applied to
optically clear filled LC in cells of this thickness. As a result, one can
assume the LC director-colloidal particle interaction is the principal factor
stabilizing thermal director fluctuations in filled LCs.

3. FILLED LC: ISOTROPIC PHASE

The degree of orientational order in the nematic phase is determined by the
order parameter, which for rod-like molecules equals ð3=2Þ cos2 h� ð1=2Þ

� �
.

In the isotropic phase the order parameter equals zero but there are signifi-
cant non-zero order parameter thermal fluctuations, which we denote by
u(r). One can write the fluctuation part of the free energy of filled LC in
the isotropic phase in the following way:

dFðuÞ ¼ 1

2

Z �
au2 þ bðruÞ2�

dV � 1

2
W

Z
R
u2dS; W > 0; ð20Þ

where the first term is the familiar Landau-de Gennes formula in the
isotropic phase [14]. The second term involves integration takes over the
surface of all particles and describes the anchoring interaction at the par-
ticles surfaces, as well as the contribution from volume terms of the type
uðrÞ d

dr
uðrÞ coming from the integral over the particle surfaces. We remind

the reader that a ¼ a0(T� T
�
) and b are the parameters of the system, the

temperature T
�

is the limit of absolute stability of the isotropic phase on
cooling.
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We now rewrite Eq. (20) in terms of Fourier components of u(r):

uðrÞ ¼ 1

V

X
q

uq expðiq:rÞ ð21Þ

This yields

dFðuÞ ¼ 1

2V

X
q

ðaþ bq2Þjuqj2�

W

2V2

X
q;q1

uquq1

X
m

Z
expðiðqþ q1Þðrþ rmÞÞdS

ð22Þ

Here the summation is over all particles, the integral is taken over the
particle surfaces, and rm is the position of particle m.

For a homogeneous distribution of particles in the bulk of filled LC the
Fourier transform can be written:

X
m

expðiðqþ q1Þ:rmÞ ¼ Ndqþq1;0 ¼ g
V

v0
dqþq1;0 ð23Þ

Substituting Eq. (23) into Eq. (22) we obtain

dFðuÞ ¼ 1

2V

X
q

a� g
WS

v0
þ bq2

� �
juqj2 ð24Þ

After thermal averaging (24) using the equipartition theorem, this yields:

�
juqj2

�
¼ kBTV

a0ðT � T�Þ � gWS
v0

þ bq2
ð25Þ

This expression for the order parameter thermal fluctuation correlation
function is exactly analogous to that of a pure LC, but with an altered critical
temperature T�. The new limit of stability is now

T�ðgÞ ¼ T� þ g
WS

v0a0
ð26Þ

The critical temperature shift is linear in colloidal concentration, and
proportional to the particle surface area. In particular, in the case of
spherical particles of radius R the shift DT� � R

2. This can be verified ex-
perimentally, and enables this contribution to DT� to be distinguished
from others.

4. CONCLUSIONS

The interaction between the surfaces of colloidal particles suspended in a
nematic liquid crystal and the nematic director causes the correlations of

Correlations of Thermal Director Fluctuations 237=[2373]
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the thermally-induced director fluctuations to be screened. The screening
parameter n�1

W is proportional to the colloidal concentration, to the director
anchoring energy at the particle surfaces and to the particle surface area.
Numerical estimates for experimental filled LCs show that this screening
must be responsible for the experimentally observed reduction in the
Rayleigh light scattering from the thermal director fluctuations.

The presence of the colloid particle-director interaction also means that
the director in the filled LC is no longer uniform. This also modifies the spa-
tial dependence of the thermal director fluctuation correlation function.

Finally, the colloid particle surface-order parameter interaction shifts
the effective critical temperature T

�
at which the isotropic state becomes

unstable with respect to nematic fluctuations. This shift has a specific
signature, which depends on particle size and concentration in such a
way that it can be immediately identified experimentally.
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