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Light scattering by a monolayer of oriented liquid crystal (LC) droplets in polymer

matrix is considered. A method for modeling transmittance and angular distribution of

scattered light by a monolayer of LC droplets with cylindrical symmetry of the director

configuration is developed. It is based on the anomalous diffraction and interference

approximations. The internal structures of nematic LC droplets are calculated on base of

the free energy minimization problem solution using the relaxation method. The results

for monolayers of spherical LC droplets with homogeneous and inhomogeneous

boundary conditions are obtained. It is shown that for monolayers containing droplets

with inhomogeneous boundary conditions of the ‘‘tangential-normal’’ type there is an

asymmetry of the angular structure of the transmitted light over the polar angle.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer dispersed liquid crystal (PDLC) films are com-
posite materials consisting of liquid-crystal droplets dis-
persed in a solid polymer matrix. They are used as light
modulators for photonics and optoelectronics applications.
Controlled light scattering from liquid crystal (LC) materials
is achieved by using electrically, magnetically, or thermally
induced change in director orientation and molecular con-
figuration to manipulate their optical properties [1–3].

It is possible to create multi-functional devices with
controllable parameters on the basis of these films, such
as: intensity and phase modulators of light radiation,
polarizers and polarization converters of light, lenses,
filters, reflectors, flexible displays, etc.

Recently it was proposed and implemented a new
method for controlling the structure of liquid crystal
droplets [4] in the polymer matrix by an electric field. It
ll rights reserved.

ko).
is based on a modification of the boundary conditions by
ionic surfactants. It creates heterogeneity of the boundary
conditions and reduces value of the electric field intensity
in comparison with the ordinary PDLC films [1,2].

Since liquid crystals are optically anisotropic materials,
scattering problems are more difficult to solve for single
LC droplet and droplet arrays as compared to optically
isotropic particles [5–10]. Typically the single-scattering
approximation is used [1,2]. The major results are
obtained under the Rayleigh-Gans approximation (RGA)
and the anomalous diffraction (AD) approximation. Some
results are obtained under the discrete-dipole approxima-
tion (DDA) and by the Wentzel–Kramers–Brillouin (WKB)
method [1,2,11–16]. Typically concentration of droplets is
not small and the ordering of droplets conditioned by
their concentration should be taken into account.

We develop a method for analyzing transmittance and
angular distribution of light scattered by a monolayer
PDLC film with droplet size larger than the light wave-
length in the polymer matrix. The method is based on the
anomalous diffraction approximation and the interference
approximation, which takes into account cooperative
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scattering effects at high concentration of droplets
[1,2,17]. A monolayer of anisotropic spherical LC droplets
with cylindrical symmetry of the director configuration
and inhomogeneous boundary conditions is considered.

2. Basic relations

Let a PDLC monolayer is illuminated by a normally
incident linearly polarized plane wave. The laboratory
coordinate system (xyz) is defined by light illumination
direction (x axis), and the film plane (yz).

Here we consider the monolayers of large droplets.
Ordinary refractive index of liquid-crystal and refractive
index of polymer are nearly equal. Typical value of
birefringence is about 0.2 [2,3]. Under these conditions,
multiple scattering is negligible, and we can use inter-
ference approximation which takes into account the
far-field interference of waves scattered by the droplets.
The multiple-scattering contribution decreases with the
droplet size increase as more light is scattered forward.
Taking into account the far-field interference of waves
scattered by the droplets, we write expressions for the
intensities of the vv- and vh-components of the incoher-
ent light as follows [17]:
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The vv- and vh-components correspond to the geome-
tries of parallel and crossed polarizer and analyzer. The
first one (vv) corresponds to the component of the light
which is parallel to the polarization plane of the incident
wave, the second one (vh) corresponds to the component
of the light which is perpendicular to the polarization
plane of the incident wave.

In Eqs. (1) and (2) R is the distance from the coordinate
origin to the observation point, ks is the wave vector of
the scattered wave, N is the number of droplets within the
illuminated area A. Functions Sll0 ðksÞ are the partial struc-
ture factors:

Sll0 ðksÞ ¼ 1þL
Z

A
ðWll0 ðrÞ�1ÞexpðiksrÞdr: ð3Þ

In the expressions above, Ei is electric field amplitude
of the incident wave; k is the wavenumber in the poly-
mer; subscripts l and l0 refer to LC droplet types that differ
in terms of shape, size, internal structure, etc.; m is the
number of LC droplet types; Pl, Pl0 denote the partial
surface concentrations of droplets of types l and l0; L is
the mean surface concentration of LC droplets; the pair
distribution function Wll0 ðrÞ describes the probability that
droplets of types l and l0 are separated by the relative
position vector r in the xy plane; f vv

l ðksÞ and f vh
l ðksÞ are the
vv- and vh-components of the scattering matrix in the ks

direction for LC droplets of type l; and the asterisk
denotes the complex conjugat. According to expressions
(1)–(3), to analyze the angular distribution of scattered
light, the scattering-matrix components f vv

l ðksÞ and f vh
l ðksÞ

should be determined by solving the scattering problem
for single LC droplets, and the partial structure factors
Sll0 ðksÞ should be found by calculating the pair distribution
functions Wll0 ðrÞ. General solution of these problems is a
formidable task because of the complexity of external
effects on the molecular configuration inside LC droplet.
This motivates using of approximate methods to obtain
simplified solutions relating the angular distribution of
light scattered by a PDLC monolayer to the orientational
structure of the layer.

The general consideration of the problem is cumber-
some, so for the simplicity, we write equations for
coherent and incoherent transmitted light for monolayer
of oriented monodisperse spherical LC droplets. The
numerical results are presented for the monodisperse
droplets [18–20]. The data of Fig. 9 display the results
for polydisperse droplets with gamma distribution [17,21]
of sizes.

Equation for coherent transmittance for vv- (Tvv
c ) and

vh- (Tvh
c ) components can be written as follows [17]:
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Here, Z is the filling factor of the PDLC monolayer,
which is numerically equal to the ratio of the section area
of LC droplets by the monolayer plane to the area where
they are distributed, k¼2pnp/l is the wave number, np is
the refractive index of the polymer matrix, l is the
wavelength of incident light, f 0

vv and f 0
vh are the vv- and

vh- components of the vector amplitude scattering func-
tion [6,22] in the forward direction (ys¼0), s is the cross
section of a droplet.

Coherent transmission coefficient of PDLC monolayer
under the normal illumination by linearly polarized light,
at the absence of polarization devices, is the sum of
Eqs. (4) and (5). We write the result as follows:
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Here Qp is the extinction efficiency factor of linearly
polarized light of a single droplet:
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To consider the angular structure of radiation scattered
by monolayer of droplets we use the interference approx-
imation [13,21,22]. At this approximation for the parallel
(Ivv) and perpendicular (Ivh) components of the incoherently



Fig. 1. Schematic presentation of the surface of liquid crystal droplet

with inhomogeneous boundary conditions.
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scattered intensity, we obtain:

Ivvðys,jsÞ ¼ C
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Here C ¼ AE2
i =R2is the normalization constant,

fvv(ys,js) and fvh(ys,js) are the vv- and vh-components of
the vector amplitude scattering function in the direction
of the wave vector of the scattered wave ks¼(kcosys,

ksinyscosjs, ksinyssinjs), S(ys) is the structure factor of
the monolayer [10,17,22], ys and js are the polar and
azimuthal scattering angles, respectively. For a statisti-
cally isotropic ensemble of droplets in the form of spheres
or oblate spheroids, it does not depend on the azimuthal
angle js. At low concentration of LC droplets single
scattering of light is implemented. In this case the
structure factor S(ys)E1 for all values of the polar
scattering angle. The difference of the structure factor
from unity indicates the degree of influence of interfer-
ence effects in angular structure of scattered light.

Components of the amplitude function in the expres-
sions (9) and (10) are defined in terms of the elements of
the amplitude scattering matrix Sj (j¼1,2,3,4) [5,6,17] as
follows:

f vvðys,jsÞ ¼ S2ðys,jsÞcos2ða�jsÞþS1ðys,jsÞsin2
ða�jsÞ
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For light scattered in the direction of the incident
wave, the off-diagonal elements of the scattering matrix
are zero (S3¼S4¼0). In this case the components of the
vector amplitude scattering function can be written as
follows:

f 0
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Here S0
2,1 are the diagonal elements of the amplitude

scattering matrix at zero scattering angle (ys¼0); a is the
polarization angle of the incident light. This is the angle
between polarization vector of the incident light and
y-axis.

In the anomalous diffraction approximation the field
scattered by particle in the far zone is considered as the
result of diffraction on the amplitude-phase screen. Com-
plex transmission matrix of the screen is given by the
projection of droplet onto a plane orthogonal to the
direction of the incident light [6]. When droplet is
illuminated along the x axis, using the known results
[23] for the amplitude scattering matrix elements, we get:
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Here n is the radius-vector in the cross section s, Tj(n)
are the elements of the 2�2 transmission matrix of
the equivalent amplitude-phase screen (j¼1,2,3,4). It
depends on the internal structure of the LC droplet orienta-
tion [24]. Eqs. (15)–(18) allow us to calculate the amplitude
matrix elements of the scattering at homogeneous and
inhomogeneous boundary conditions on the surface of
the droplet based on the configuration of the director
(the distribution of local optical axis) in the droplet. The
configuration of the director [25–28] in the droplet with
given boundary conditions and applied voltage was found by
solving the problem of minimizing the bulk free energy
density by using results published in [29].

3. Results and discussion

Schematic presentation of the surface of liquid crystal
droplet with inhomogeneous boundary conditions is dis-
played in Fig. 1. The structure is symmetric with respect
to the y-axis. There is normal and tangential orientation of
liquid crystal molecules at the droplet-polymer interface.
They are indicated in the figure by short lines, which are
normal and parallel to the surface, respectively. Para-
meter W (see figure) characterizes the fraction of the
surface layer of droplet with normal boundary conditions.
The value of W is determined by the ratio of the height of
segment surface of the droplet with normal boundary
conditions to droplet diameter. The parameter values
W¼0% and W¼100% correspond to a fully homogeneous
tangential and normal surface adhesion of LC molecules at
the interface LC-polymer, respectively. When parameter



Fig. 2. Textures of LC droplets in crossed polarizers with homogeneous (W¼0 and W¼100%) and inhomogeneous boundary conditions (IBC) at different

values of parameter W. The value of W is determined by the ratio of the height of segment surface of the droplet with normal boundary conditions to

droplet diameter as it is shown in Fig. 1. No applied field. Left picture shows a droplet with bipolar director configuration, right picture shows a droplet

with radial director configuration.
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Fig. 3. Coherent transmission coefficient for polarized light Tp
c of a

monolayer of spherical LC droplets on the diffraction parameter r at

different values of parameter W (W¼0%, W¼25%, W¼50%, W¼75%, and

W¼100%). No applied field. The wavelength of incident light

l¼0.633 mm. Polarization angle of the incident light a¼0. Azimuthal

scattering angle js¼0. Refractive indices of the LC no¼1.531, ne¼1.717.

Refractive index of the polymer np¼1.53. Filling factor of the monolayer

Z¼0.5.
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Fig. 4. Degree of light polarization for coherent transmitted light at

different values of parameter W (W¼0%, W¼25%, W¼50%, W¼75%, and

W¼100%). No applied field. l¼0.633 mm, no¼1.531, ne¼1.717,
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W¼0% there is a cylindrically symmetric bipolar config-
uration of the LC droplet with rigidly fixed poles.
At W¼100% the internal structure of the LC droplets
orientation is radially symmetric. Pay attention that
Fig. 1 displays only a general director structure at the
surface. In reality transition from the tangential anchoring
to the homeotropic can be not sharp [26,27].

The director configuration of the LC droplet is calcu-
lated in a Cartesian coordinate system by finding the
distribution of directors of the elementary volumes of
liquid crystal in the droplet using the relaxation method
of the bulk free energy density minimization problem
solution [29]. Textures of the considered LC droplets with
homogeneous and inhomogeneous boundary conditions
(at different values of parameter W) at the absence of the
applied field in crossed polarizers are displayed in Fig. 2.
Such pictures are observed in the polarization microscope
when the directions of analyzer and polarizer are crossed
[26–29].
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Dependence of the coherent light transmission Tp
c

calculated by the Eq. (6) for the layer with spherical
droplets of LC on the diffraction parameter r¼ka (where
a is the radius of the droplets) is shown in Fig. 3. The
calculations are performed in the absence of an external
electric field, the polarization angle of incident light a¼0,
the ordinary and extraordinary refractive indices of the LC
are no¼1.531 and ne¼1.717, respectively; incident light
wavelength l¼0.633 mm, the refractive index of the
polymer np¼1.53, the monolayer filling factor Z¼0.5.
The results displayed in Fig. 3 show that at linearly
polarized light illumination with polarization angle a¼0,
the monolayer with radial internal structure of droplets
(W¼100%) has larger values of the coherent transmission
coefficient Tp

c ðrÞ virtually in the entire range of considered
values of diffraction parameter r (from 5 to 80) compared
to the bipolar configuration of LC droplets (W¼0%).
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When the monolayer is illuminated by a linearly polar-
ized light with polarization angle a¼p/2, the values of
Tp

c ðrÞ for layer with tangential boundary conditions (and
the bipolar configuration of the LC droplets) are greater
than the values Tp

c ðrÞ for the layer with normal boundary
conditions (and the radial configuration of the droplets).

The degree of polarization P of the transmitted light on
the droplet size at the absence of the external applied
electric field at different values of W is shown in Fig. 4.
It is determined by the relation:

P¼
T
:
c�T?c

T
:
cþT?c

: ð19Þ

Here

T
:
c ¼ 9Tvv

a ða¼ 0Þ92
, ð20Þ

T?c ¼ 9Tvv
a ða¼ p=2Þ92

ð21Þ

Tvv
a is the amplitude transmittance of layer for

vv-polarization of the transmitted light for polarization
of the incident light parallel (a¼0) and perpendicular
(a¼p/2) to the y-axis of the lab system, respectively.

The results for the angular structure of Ivv component
of the transmitted light on the polar scattering angle ys at
js¼0 are shown in Figs. 5 and 6 at the absence of the
applied field. The calculations are presented in relative
units (value of the normalization constant C¼1). They are
performed for the droplets radius a¼4 mm and the refrac-
tive index of the polymer matrix np¼1.532. The values of
other parameters are indicated in figure captions. Fig. 5
shows dependence of Ivv components of the scattered
light on the polar scattering angle ys for monolayer of
droplets with homogeneous boundary conditions (W¼0%
and W¼100%). The data are calculated at the absence of
the applied electric field. Scattering plane coincides with
the principal plane (yx). The value of the azimuthal
scattering angle js¼0 and the light incident angle is zero.
The results for intensity of scattered light Ivv(ys) in the
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Fig. 9. Components Ivv (left) and Ivh (right) of light scattered in small angles a

droplets with homogeneous director configuration in the droplet in a strong a

factor Z¼ 0:3 (top), Z¼ 0:7 (bottom). The mean radius of droplets /aS¼2.5 m
ne¼1.7378, np¼1.524, a¼0. The mean value of the director of droplets is situate

directors are distributed uniformly relative to the mean direction of droplets i
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layers containing droplets with inhomogeneous boundary
conditions are presented in Fig. 6.

For a layer of droplets with homogeneous boundary
conditions, the values of Ivv(ys) are identical for the same
deviations in the polar scattering angle ys in different
directions relative to the normal to the layer (Ivv(ys)¼
Ivv(�ys)) at js¼0. For a layer of droplets with inhomo-
geneous boundary conditions, such as ‘‘tangential-nor-
mal’’, there is an asymmetry of the angular structure of
scattered light over the polar angle (Ivv(ys)aIvv(�ys)). This
effect is most pronounced at parameter W¼50%, i.e., at
equal share of the tangential and normal boundary con-
ditions on the droplet surface.

Analysis of the vh-component of the scattered light
intensity shows that this component also has asymmetry
in the scattering of light in polar angle, but it is weaker in
comparison with the vv-component.

Influence of droplet concentration is illustrated by
Fig. 7. At the considered parameters one can see the
asymmetry in angular structure for transmitted light for
a wide range of concentrations. The angular structure of
t different concentrations of polydisperse LC droplets for monolayer of

pplied field in the monolayer plane along y-axis in a monolayer. Filling

m. Variation coefficient of droplet radii is 0.2. l¼0.589 mm, no¼1.5183,

d in the plane of monolayer along y-axis (/ydS¼ p=2,/jdS¼ 0). Droplet

n 12 degrees of polar and azimuthal angles.



Fig. 10. Schematic representation of the orientation of the LC droplet

directors in the monolayer. Vector /dS is the average direction of orienta-

tion of the directors of the droplets; /ydSand /jdS are the averaged polar

and azimuthal angles defining the orientation of the vector/dS; yd and jd

are the polar and azimuthal angles defining the orientation of the directors

dj of individual droplets; 2jm is the opening angle of the cone of directors of

the droplets in the plane ð/dS,zÞ, 2ym is the opening angle of the cone of

directors of the droplets in the plane ð/dS,xÞ.
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concentrated layer has asymmetry determined by the
specific of scattering diagram of the separate anisotropic
droplet and ordering of droplets due their high
concentration.

Influence the electric field (normalized to the thresh-
old value) applied parallel to the optical axes of the
droplets on the angular structure of light scattering at
W¼50% is illustrated by Fig. 8. At weak applied field the
angular structure of light scattering is asymmetric. In a
strong field the internal structure of droplet becomes
uniformly oriented along the applied field and the angular
structure of the scattered light becomes symmetric.

Angular structure of Ivv(ys,js) and Ivh(ys,js) compo-
nents of the scattered light intensity in the angles
0oysr81, 0ojsr3601 for monolayer of droplets with
homogeneous director configuration in the droplet in a
strong applied field in the monolayer plane along y-axis is
shown in Fig.9. These results are obtained for monolayer
of polydisperse droplets with gamma distribution of sizes
[17]. We suppose that the droplet directors dj are dis-
tributed uniformly (Fig. 10) relative to the average direc-
tion of the directors of the droplets /dSover the polar y
and azimuthal j angles in the range of angles 7ym and
7jm, where ym and jm are maximal polar and azimuthal
angles, respectively. The values y¼sinyscosjs and
z¼sinyssinjs are plotted on the vertical and horizontal
axes, respectively. The Ivv and Ivh components are pre-
sented in relative units. The greater is the intensity of
scattered light, the brighter is the area in the figures. They
display the intensities of the scattered light in the far zone
on the screen. concentrations of polydisperse LC droplets
in a monolayer.

4. Conclusion

A method for modeling and computing of light propa-
gation via a monolayer of liquid-crystal droplets dis-
persed in polymer matrix is developed. Light scattering
by films containing droplets with homogeneous and
inhomogeneous adhesion of liquid crystal molecules on
the interface polymer-liquid crystal is investigated.

The effect of asymmetry in polar scattering angle for the
light scattered in forward hemisphere for polymer films
containing droplets with inhomogeneous boundary condi-
tions has been revealed. This effect should be observed for
the light scattered in the backward hemisphere.

The method provides a tool for examining the liquid
crystal droplet configuration. It can be used to study field-
and temperature-induced phase transitions in LC droplets
with cylindrical symmetry (bipolar, axial, etc.) by analyz-
ing the transmittance, polarization, and angular distribu-
tion of forward-scattered light.

The obtained results can be used to analyze transmit-
tance, angular structure, and polarization characteristics
of light scattered by a monolayer of liquid crystal droplets
with homogeneous and inhomogeneous boundary
conditions.

The results can be applied in developing new types of
various liquid crystal devices, for example, amplitude and
phase modulators, polarization converters, displays, etc.
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