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C H A P T E R

7

Electro-optical response of a
monolayer polymer dispersed

nematic liquid crystal film doped
with surfactant

V.A. Loikoa,d, A.V. Konkolovicha, A.A.Miskevicha,
M.N. Krakhalevb,c, O.O. Prishchepab,c,
A.V. Shabanovb, and V.Ya. Zyryanovb

aStepanov Institute of Physics, National Academy of Sciences of Belarus,
Minsk, Belarus, bKirensky Institute of Physics, Federal Research

Center—Krasnoyarsk Scientific Center, Siberian Branch, Russian Academy
of Sciences, Krasnoyarsk, Russia, cInstitute of Engineering Physics and

Radio Electronics, Siberian Federal University, Krasnoyarsk, Russia,
dMilitary Academy of the Republic of Belarus

7.1 Introduction

Polymer dispersed liquid crystal (PDLC) films are composite materials
consisting of liquid-crystal droplets dispersed in a polymer matrix [1–4].
The electrically, magnetically, thermally, and pressure induced change in
orientation of the liquid crystal molecules results in variation of the film
optical properties. Such films can be flexible. They possess high mechan-
ical strength, light resistance, have a simple production technology and
are used in photonics and optoelectronics. On the basis of these films it
is possible to create: displays, intensity and phase modulators, polarizers
and polarization converters, lenses, filters, reflectors, etc. [5–18]. At pre-
sent there are two approaches to control the electro-optical response of
the PDLC films in the scattering mode.
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The first one is based on the classic Freedericksz effect [19–21]. In this
case the surface anchoring of the liquid crystal (LC) molecules with the
polymer matrix remain unchanged with changing the control electric
field. The director configuration in the droplet returns to its original state
due to the elastic forces when the field is switched off. Classic Freedericksz
effect underlies the operation of modern electro-optical liquid crystal
devices.

The second one is based on the local Freedericksz transition [22, 23].
Here the local change in the orientation of the optical axes (directors)
inside the LC droplet is due to changes of LC molecule anchoring at the
droplet-polymer interface. Modification of the interface anchoring can
be achieved using the ionic surfactants driven by the applied electric field
[24]. The ionic surfactant creates heterogeneity of interfacial anchoring
and transforms the droplet director configuration.

The description of the electro-optical response of the PDLC films with
non-uniform surface anchoring has to take into account the optical anisot-
ropy of the liquid crystal, orientation of the LC molecules in the droplets
(which depends on the surface anchoring at the interface), concentration
of droplets, optical characteristics of the polymer matrix and liquid crys-
tal, and other parameters [2, 10–13].

The problem of light propagation in particulate optically anisotropic
medium is typically solved now by the approximate methods [25–30].
In this work, to describe light scattering by the monolayer films consisting
of liquid crystal droplets embedded in a polymer matrix we use the
interference approximation and the model of hard disks. To analyze
small-angle light scattering by a single LC droplet we use the anomalous
diffraction approximation. Configuration of the director field in a droplet
is determined on the base of the free energy minimization problem solu-
tion using the relaxation method. When we consider scattering by the
ensemble of droplets we have to take into account their spatial arrange-
ment. To get this aim we use the model of hard disks, which is discussed
in details as applied to the considered problem.

The electro-optical effect of breaking the symmetry of the small-angle
distribution of light scattered by films with inhomogeneous surface
anchoring of liquid crystal molecules at the polymer-droplet surface is
considered. The effect [31–33] consists in the distinction of the angular dis-
tributions of the intensities of light scattered at +θs and �θs polar angles
relative to the illumination direction. It depends on the azimuth scattering
angle. Note that for films with homogeneous surface anchoring the sym-
metrical distribution [1, 2, 31–33] of the scattered light intensity is
implemented.

Coherent (directional) transmittance of the monolayer with inhomoge-
neous surface anchoring on the polymer-droplets interface is studied. The
conditions to implement the interference quenching effect of the directly
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transmitted light are determined. The small-angle light scattering by LC
droplets monolayer at the quenching effect implementation is analyzed.

The PDLC multilayers consisting of spatially separated monolayers of
liquid crystal droplets are considered. The spectral dependences of the
transmittance and reflectance of such systems are analyzed. The condi-
tions for the formation of photonic band gaps (PBGs) are investigated.

7.2 Ionic modification of surface anchoring in PDLC films

The modification effects of boundary conditions in LC droplets consid-
ered in this section are based on a local change in the concentration of
surface-active ions (surfactant ions) under applying the direct current
(DC) electric field [24]. The normal and inverse modes of the surface
anchoring modification realized at various concentrations of ions are pre-
sented in Figs. 7.1 and 7.2. The director configuration (the distribution of
local optical axes of a liquid crystal) is represented by dashed yellow lines.

Normal mode occurs at a low concentration of ionic surfactant. For
example, for a nematic liquid crystal 4-n-pentyl-40-cyanobiphenyl (5CB)
doped with cationic surfactant cetyltrimethylammonium bromide
(CTAB) and encapsulated in a polymer compound based on polyvinyl
alcohol (PVA) [24], the normal mode takes place in the range of
0.5–0.8% of the content of CTAB in 5CB. In this case, initially the bipolar
director configuration is formed in the nematic droplets due to the homo-
geneous tangential (planar) anchoring in the absence of external influ-
ences. The inverse mode is realized at a higher concentration (1.2% or
more) of ionic surfactant CTAB in LC 5CB. At that, the initial orientation

FIG. 7.1 Scheme of the experimental cell for the implementation of the normal mode of
modification of the boundary conditions. (A) The electric field is turned off. The cetyltri-
methylammonium сation (CTA+) and bromine anion (Br�) are arranged homogeneously
et the interface. The boundary conditions are determined by the polymer, and the droplet
structure has the bipolar configuration. (B) The field is turned on. Positive and negative ions
are localized near the corresponding electrodes, and anchoring becomes homeotropic on a
part of the droplet surface near the negative electrode, leading to the formation of a mono-
polar director configuration.
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structure in the nematic droplets is the radial director configuration with
homogeneous homeotropic (perpendicular) boundary conditions.

Applying an external DC electric field in both cases leads to the forma-
tion of two areas of the droplet surface with different (tangential and
homeotropic) anchoring. In turn, these sections determine the orienta-
tional structure of LC in the droplet bulk. The proportion of parts with per-
pendicular and planar surface anchoring and, accordingly, the orientation
structure of LC droplet depend on the value of electric field. The voltage
induced process of the orientation structure transformation is threshold
and has a saturation region at a certain voltage value.

The orientation structure in the droplets is determined mainly by the
boundary conditions even under voltage, since the applied electric field
inside the droplets is practically zero due to the shielding action of the sur-
factant ions. The orientational structure transformation of LC droplets
upon modification of the boundary conditions is accompanied by a
change in both the texture patterns of the droplets (Fig. 7.3) and the mac-
roscopic optical characteristics of the composite films (Fig. 7.4).

Fig. 7.3 shows that applying the electric field leads to the transformation
of the boundary conditions. In this case, the region of a high gradient of the
refractive index at the droplet boundary (dark band) increases (Fig. 7.3B
and C), leading to increasing light scattering and, accordingly, decreasing
coherent transmittance of the PDLC film (Fig. 7.4).

The modification of surface anchoring by ionic surfactants under the
influence of DC electric field can be accompanied by a complex sequence
of orientational-structural transformations in LC droplets. For example,
the basic director configurations formed under electric field in the normal
mode of interface modification and under switched off field are shown in
Fig. 7.5.

An additional linear hyperbolic defect is formed in the surface layer of
LC droplet at the beginning of the change of boundary conditions from

FIG. 7.2 Scheme of the experimental cell for the inverse mode of the modification of sur-
face anchoring. (A) The electric field is turned off. The CTA+ ions adsorbed at the interface are
enough to specify homeotropic anchoring over the entire surface of LC droplets. (B) The field
is turned on. Part of the surface near the positive electrode is freed fromCTA+ ions and planar
anchoring occurs here resulting in the formation of a monopolar orientation structure.
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tangential to homeotropic. That is clearly seen in the upper parts of the
droplet orientational structures in Fig. 7.5B and C, which are indicated
by squares. Then, the part of interface with homeotropic anchoring
increases and the linear defect moves toward the left boojum-defect
(Fig. 7.5C), and, eventually, they annihilate. The second boojum in the
right half of the droplet remains unchanged throughout the entire trans-
formation process. As shown in Fig. 7.5D, an inclinedmonopolar structure
is formed at the end of electric field pulse. It should be noted that the tran-
sition between the droplet boundary sections with homeotropic and pla-
nar anchoring proceeds smoothly, forming an intermediate region with
oblique boundary conditions. After the field is turned off, the tangential
boundary conditions are restored in the upper droplet part and the surface
boojum-defect is formed (Fig. 7.5E). Then it gradually shifts to the left half
of the droplet (Fig. 7.5F), and the structure returns to the initial bipolar
director configuration at the end of relaxation process.

7.3 Optical model to describe small-angle light scattering

Let us consider a PDLC monolayer illuminated by a linearly polarized
plane wave normally to the monolayer plane (Fig. 7.6).

In Fig. 7.6 xyz is the laboratory coordinate system associated with the
propagation direction of the incident wave (x axis) and the plane of the
monolayer (y, z); A is the area of the investigated part of the layer; Ei

and ki are the polarization vector and the wave vector of the incident
wave; ks is the wave vector of the scattered wave; θs is the scattering angle;
φs is the orientation angle of the scattering plane (ki, ks); vectorsNj are the

(A) (B) (C)

FIG. 7.3 Inverse mode of modification of boundary conditions. Microphotographs of the
nematic LC droplet doped with the ionic surfactant taken with no analyzer. Radial texture in
the absence of electric field (A) and under the influence of an electric field E ¼ 0.04 V/μm (B),
E ¼ 0.06 V/μm (C). The droplet size is 3.5 μm. Control electric field E is directed in the film
plane. Hereinafter, the double arrows show the linear polarization of the normally incident
light.
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optical axes (directors) of the LC droplets (they characterize the average
orientation direction of the long axes of LC molecules in the volume of
the droplet [1, 2, 34] with number j (j ¼ 1, 2,…,N;N is the number of drop-
lets). The layer consists of monodisperse or polydisperse droplets in the
form of spheres or spheroids with circular cross sections in the plane
(y, z) of the monolayer. We analyze the vv- and vh-components of the scat-
tered light, which are polarized parallel and orthogonally to the polariza-
tion plane (Ei, ki) of the incident wave, respectively. In Fig. 7.6 they are
indicated by the lines vv and vh.

FIG. 7.4 Inverse mode of boundary conditions modification. The dynamics of the optical
response of PDLC film doped with ionic-surfactant. (A) Electric field strength
E ¼ 0.05 V/μm, (B) E ¼ 0.07 V/μm. T denotes the light transmission in the forward direction.
The field is directed perpendicular to the plane of the film.
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FIG. 7.5 Dynamics of modification of the boundary conditions in the normal mode. Tex-
tures and orientational structures of a nematic droplet in the polymer matrix. The droplet
photographs without the analyzer are on the left. The droplet photographs in crossed polar-
izer and analyzer are in the center. The corresponding director configurations are on the right.
The electric field E is directed upward at an 81° angle to the major droplet axis. (A) Before the
influence of the field, (B) 0.17 s after the beginning of field action, (C) after 0.33 s, (D) after
0.9 s, (E) 0.08 s after turning off the field, (F) 12 s after turning off the field.
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Using the interference approximation [35, 36], the vv- and vh-
components of the field Es

vv, vh scattered by amonolayer in the observation
point M (in the far-field zone) with the radius vector R can be written as
follows [37]:

Es
vv,vh Rð Þ¼

XN
j¼1

Evv,vh
j Rð Þexp �iksrj

� �¼Xm
l¼1

Evv,vh
l Rð Þ

XNl

j¼1

exp �iksr
l
j

� �
,

(7.1)

where Ej
vv, vh (R) are the vv- and vh-components of the field scattered by the

j-th droplet into the point R, rj is the radius-vector of the droplet center in
themonolayer plane (y, z),Nl is the number of the l-type droplets (droplets
with the same area of cross section by the (y, z) plane), m is the number of
types of droplets.

The vv- and vh-components of the scattered field El
vv,vh (R) are:

Evv,vh
l Rð Þ¼ f vv,vhl ksð Þ iEi

kR
exp ikRð Þ, (7.2)

where fl
vv, vh (ks) are the vv- and vh-components of the vector amplitude

scattering function [35, 38] of the individual droplet of type l, Ei is the
amplitude of the incident wave, k ¼ 2πnp/λ, np is the refractive index of
the polymer matrix, λ is the wavelength of incident light, R ¼ jR j.

FIG. 7.6 Schematic representation of light scattering by a PDLCmonolayer. Notations are
in the text.
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To determine vv- and vh-components of the intensity of the incoher-
ently (diffusely) scattered light, Ivv

inc and Ivh
inc, we use the equation [36]:

Iincvv,vh ¼ Es
vv,vh Rð Þ�� ��2D E

rj
� Es

vv,vh Rð Þ� �
rj

��� ���2, (7.3)

where the angle brackets h…i denote averaging over the droplet positions
rj. Below, if the variable of averaging is not indicated, the angle brackets
denote averaging over the droplet sizes.

We assume that the spatial distribution of the LC droplets is statistically
uniform and isotropic. In such a case, using Eqs. (7.1)–(7.3), the Ivv

inc and Ivh
inc

components can be written as [35]:

Iincvv,vh θs, φsð Þ¼C
η

k2 σh i
Xm
l, l0¼1

PlPl0ð Þ1=2f vv,vhl θs, φsð Þf ∗vv,vhl0 θs, φsð ÞSll0 θsð Þ: (7.4)

Here C ¼ AEi
2/R2; η ¼ Nhσi/A is the filling factor of the PDLC monolayer

equal to the ratio of the cross section area of the droplets by the monolayer
plane to the area where they are distributed; hσi is the average value of the
droplet projections to the monolayer plane (y, z); Pl ¼Nl/N and Pl0 ¼Nl0/N

are the fractions of droplet types l and l0;
Pm
l¼1

Pl ¼ 1; l, l0 ¼ 1, 2,…,m; symbol

* denotes complex conjugation; functions Sll0(θs) are the partial structure
factors [39]. They are determined as follows:

Sll0 θsð Þ¼ δll0 +8 ηlηl0ð Þ1=2
ð∞
0

Wll0 uð Þ�1ð ÞJ0 2k clcl0ð Þ1=2usinθs
� �

udu, (7.5)

where δll0 is the Kronecker symbol (δll0 ¼ 1 for l ¼ l0 and δll0 ¼ 0 for l 6¼ l0);
ηl ¼ Nlπcl

2/A, ηl0 ¼ Nl0πcl0
2/A are the partial filling factors; cl and cl0 are radii

of the yz-sections of droplets of l and l0 types; Wll0(u) are the partial radial
distribution functions [39]; J0 is the zero-order cylindrical Bessel function
of the first kind.

We suppose that the short-range ordering of droplets is implemented in
a monolayer. At this assumption the partial structure factors Sll0(θs) can be
calculated using a generalizedOrnstein-Zernike integral equation [40–42].
To determine Sll0(θs) we use the expression [43]:

Ŝ θsð Þ¼ Î� êC θsð Þ
� ��1

: (7.6)

Here Ŝ θsð Þ is them � mmatrix of the partial structure factors Sll0(θs); Î is

the unit matrix of dimension m � m; êC θsð Þ is the matrix of the 2D Fourier

transforms of the direct partial correlation functions eCll0 θsð Þ. Using
analytical approximation based on the solution of the Ornstein-Zernike
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equation in the Percus-Yevick [39, 43] approximation for hard disks, we
can write: eCll0 θsð Þ¼ ηlηl0ð Þ1=2ecll0 θsð Þ: (7.7)

Here

ecll0 θsð Þ¼�
χ 2ð Þ
ll0

2J1 kcl sinθsð Þ
kcl sinθs

2J1 kcl0 sinθsð Þ
kcl0 sinθs

+ χ 1ð Þ
l

2J1 kcl sinθsð Þ
kcl sinθs

2J0 kcl0 sinθsð Þ+

+χ 1ð Þ
l0

2J1 kcl0 sinθsð Þ
kcl0 sinθs

2J0 kcl sinθsð Þ+ + χ 0ð Þ
ll0

2J1 k cl + cl0ð Þsinθsð Þ
k cl + cl0ð Þsinθs

8>>><>>>:
9>>>=>>>;,

(7.8)

J1 is the first-order cylindrical Bessel function of the first kind,

ηl, l0 ¼Pl, l0
c2l, l0

c2h iη, (7.9)

χ 0ð Þ
ll0 ¼ cl + cl0ð Þ2

clcl0

1

1�η
, (7.10)

χ 1ð Þ
l, l0 ¼

cl, l0 ch i
c2h i

2η

1� ηð Þ2 , (7.11)

χ 2ð Þ
ll0 ¼ clcl0

c2h i
η

1�ηð Þ2 +
clcl0 ch i2
c2h i2

2η2

1� ηð Þ3 , (7.12)

ch i¼
Xm
l¼1

Plcl, (7.13)

c2
� �¼Xm

l¼1

Plc
2
l : (7.14)

For monolayer of monodisperse spherical droplets or spheroidal drop-
lets the equality cl ¼ cl0 ¼ c takes place, where c is radius of the droplet pro-
jection to the monolayer plane, and Eq. (7.4) are simplified:

Iincvv,vh θs, φsð Þ¼C
η

σk2
fvv,vh θs, φsð Þj j2S θsð Þ: (7.15)

Here

S θsð Þ¼ 1 +
4η

1� η

2J1 2uð Þ
2u

+
4η2

1� ηð Þ2
J0 uð Þ2J1 uð Þ

u
+

η2

1� ηð Þ2
+

2η3

1�ηð Þ3

 !
2J1 uð Þ

u

	 
2( )�1

(7.16)

is the structure factor [44] of monolayer of monodisperse droplets; σ ¼ πc2;
u ¼ kсsinθs; η ¼ Nσ/A.
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Analytical formulas (7.7)–(7.14) and (7.16) for the structure factors can
be used for monolayers with filling factors up to �0.7 [35,44].

In [39, 45, 46] it was shown that at η � 0.4 it is possible to analyze angu-
lar distribution of light scattered by the PDLC monolayer using the sub-
stitution model. It allows one to simplify essentially the problem solution.
In this model the partial structure factors Sll0(θs) (Eq. 7.5) can be written as:

Sll’ θsð Þ¼ 0, l 6¼ l’
S θsð Þh i, l¼ l’

�
: (7.17)

Here hS(θs)i is the structure factor of a monolayer of monodisperse
droplets (Eq. 7.15) averaged over the droplet radius c:

S θsð Þh i¼
Xm
l¼1

PlS θs, clð Þ: (7.18)

Then the vv- and vh-components of the scattered light intensity are:

Iincvv,vh θs, φsð Þ¼C
η

σh ik2 fvv,vh θs, φsð Þ�� ��2D E
c,Nj

+ fvv,vh θs, φsð Þ� �
c,Nj

��� ���2 S θsð Þh i�1½ �
� �

:

(7.19)

In our consideration it is convenient to rewrite Eq. (7.19) as:

Iincvv,vh θs, φsð Þ¼C
η

σh ik2 Δfvv,vh θs, φsð Þj j2
D E

c,Nj

+ fvv,vh θs, φsð Þh ic,Nj

��� ���2 S θsð Þh i
� �

,

(7.20)

where

Δfvv,vh θs, φsð Þj j2
D E

c,Nj

¼ fvv,vh θs, φsð Þj j2
D E

c,Nj

� fvv,vh θs, φsð Þh ic,Nj

��� ���2: (7.21)

Numerical data for Ivv, vh
inc (θs,φs) obtained by the substitution model are

in good agreement with the experimental ones [47]. Note that this model
implies that swapping the any two particles does not change the spatial
configuration of the entire ensemble. This imposes restrictions on the con-
centration and the polydispersity degree of droplets.

To analyze the Ivv
s (θs,φs) and Ivh

s (θs,φs) intensities of light scattered by a
single LC droplet, write them, using Eq. (7.2), as follows:

Isvv,vh θs, φsð Þ¼Cs
1

σk2
fvv,vh θs, φsð Þj j2: (7.22)

Here Cs ¼ σEi
2/R2.

The fvv,vh(θs, φs) functions of the single LC droplet are defined by the
elements Sj (j ¼ 1, 2, 3, 4) of the amplitude scattering matrix [25, 35]:

fvv θs, φsð Þ¼ S2 θs, φsð Þcos2 α�φsð Þ+S1 θs, φsð Þsin2 α�φsð Þ
+
1

2
S3 θs, φsð Þ+ S4 θs, φsð Þð Þsin2 α�φsð Þ , (7.23)
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fvh θs, φsð Þ¼ S3 θs, φsð Þsin2 α�φsð Þ�S4 θs, φsð Þcos2 α�φsð Þ
+
1

2
S2 θs, φsð Þ�S1 θs, φsð Þð Þsin2 α�φsð Þ : (7.24)

Remind that α is the polarization angle of the incident light (Fig. 7.6).
When illuminated with unpolarized light, the intensities of light, scat-

tered by themonolayer (Inp
inc(θs,φs)) and the single droplet (Inp

s (θs,φs)) can be
written as follows:

Iinc,snp θs, φsð Þ¼ 1

2
Iinc,svv θs, φsð Þ+ Iinc,s

vh
θs, φsð Þ

� ����
α¼0

+ Iinc,svv θs, φsð Þ+ Iinc,s
vh

θs, φsð Þ
� ����

α¼π=2

	 

:

(7.25)

They are derived from Eqs. (7.4), (7.15), (7.19), (7.22) with taking into
account Eqs. (7.23), (7.24) and averaging over the polarization angle α
of the incident wave.

7.4 The anomalous diffraction approximation for describing the
scattering amplitude matrix of a nematic droplet. Arbitrary

director configuration

All parameters characterizing the scattering of light by an individual
LC droplet (differential scattering cross section, scattering and extinction
efficiency factors, elements of the Mueller matrix, etc.) can be calculated
using the 2 � 2 amplitude scattering matrix [48].

The elements Sj (j ¼ 1, 2, 3, 4) of the amplitude scattering matrix for the
nematic liquid crystal droplets at the anomalous diffraction approxima-
tion are as follows [48, 49]:

S1 θs, φsð Þ¼ k2σ

2π

ð
σ

1�T1 ξð Þð Þexp �iksξð Þdξ, (7.26)

S2 θs, φsð Þ¼ k2σ

2π
cosθs

ð
σ

1�T2 ξð Þð Þexp �iksξð Þdξ, (7.27)

S3 θs, φsð Þ¼�k2σ

2π
cosθs

ð
σ

T3 ξð Þexp �iksξð Þdξ, (7.28)

S4 θs, φsð Þ¼�k2σ

2π

ð
σ

T4 ξð Þexp �iksξð Þdξ: (7.29)

Here ksξ ¼ (kycosφs + kzsinφs)sinθs, ks ¼ (kcosθs, ksinθscosφs, ksinθs
sinφs); ξ ¼ (0, y, z) is the radius vector in the section of the droplet by
the monolayer plane (y, z); σ is the cross section area of droplet in the
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monolayer plane, Tj(ξ) (j ¼ 1, 2, 3, 4) are elements of the 2 � 2 Jones
matrix T̂ ξð Þ [50] of the equivalent amplitude-phase screen. The Jones
matrix T̂ ξð Þ depends on the internal structure of LC droplets. It is defined
as follows:

T̂ y, zð Þ¼ T2 y, zð Þ T3 y, zð Þ
T4 y, zð Þ T1 y, zð Þ

 �
¼

Yxout y, zð Þ

x¼xinp y, zð Þ
RT xð ÞPR xð Þ: (7.30)

Here xinp ¼�a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� y2 + z2ð Þ=ðεaÞ2

q
and xout ¼ + a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� y2 + z2ð Þ= εað Þ2

q
are

the input and output coordinates of the wave front at the surface of the LC
droplet (Fig. 7.7A); ε ¼ a/c is the anisometry parameter, where a and c are
the minor (directed along the axis x) and major (situated in the monolayer
plane) semiaxes of a droplet, respectively; P is the matrix describing the
local phase shifts for the extraordinary and ordinary waves; R(x) and
RT(x) are the coordinate transformation matrices:

P¼ exp ik ne rð Þ=np�1
� �

Δx
� �

0

0 exp ik no=np�1
� �

Δx
� � !

, (7.31)

(A) (B)

FIG. 7.7 Schematic representation of (A) an LC droplet and (B) its volume element ΔV.
n(r) is the local director of the elementary volume ΔV with the radius vector r; xinp and xout
are the input and output coordinates of the wavefront at the droplet surface; ki is the wave-
vector of the incident wave; θ and φ are the polar and azimuthal angles of the local director
n(r) orientation; eo and ee are the unit polarization vectors of the ordinary and extraordinary
waves in the elementary volumeΔV. nx, ny, nz are the Cartesian coordinates of the local direc-
tor n(r).
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R xð Þ¼ cos φ rð Þ �φsð Þ �sin φ rð Þ �φsð Þ
sin φ rð Þ �φsð Þ cos φ rð Þ �φsð Þ

 �
, (7.32)

RT xð Þ¼ cos φ rð Þ �φsð Þ sin φ rð Þ �φsð Þ
�sin φ rð Þ �φsð Þ cos φ rð Þ �φsð Þ

 �
: (7.33)

In Eqs. (7.31)–(7.33) ne(r) is the local refractive index of the elementary
volume ΔV (the orientation structure of the liquid crystal in this volume is
assumed to be homogeneous and is determined only by the molecular
order parameter [1, 2]) of the LC droplet with radius vector r for the
extraordinary wave polarized along the unit vector ee (see Fig. 7.7B), no
is the local refractive index for the ordinary wave polarized along the unit
vector eo, which does not depend on the coordinates x, y, z and is equal to
the ordinary refractive index n? of liquid crystal,Δx is the linear size of the
elementary volume ΔV along the direction of illumination, φ(r) is the azi-
muthal angle of the local main plane orientation,

ne rð Þ¼ nkn?=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2k cos

2θ rð Þ+n2? sin2θ rð Þ
q

¼ nkn?=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2kn

2
x + n2? 1�n2x

� �q
,

(7.34)

cos φ rð Þ�φsð Þ¼ ny cosφs + nz sinφs

� �
=
ffiffiffiffiffiffiffiffiffiffiffiffi
1�n2x

q
, (7.35)

sin φ rð Þ�φsð Þ¼ nz cosφs�ny sinφs

� �
=
ffiffiffiffiffiffiffiffiffiffiffiffi
1�n2x

q
, (7.36)

θ(r) is polar angle of the local director n(r) (Fig. 7.7B), njj is the extraordi-
nary refractive index of the liquid crystal, nx, ny, nz are the Cartesian com-
ponents of the local director n(r) at the point with radius vector r.

7.5 Simulation of the droplet director configuration

To calculate distribution of the local director n(r) (director configura-
tion of LC) within the nematic LC droplet we use equation for the bulk
density of the free energy F in the one-constant approximation [1, 2, 51, 52]:

F¼ Fel + Fe, (7.37)

where

Fel ¼ 1

2
K divn rð Þð Þ2 + rotn rð Þð Þ2
n o

(7.38)

is the energy density of the elastic deformations,

Fe ¼ 1

2
ε E �n rð Þð Þ2 (7.39)
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is the electric part of the free energy density, E is the external control elec-
tric field vector, K is the average value of the modulus of elasticity,
ε ¼ ε0Δε, ε0 is the electric constant, Δε is the dielectric anisotropy of LC.

When calculating the spatial orientation structure of n(r) inside the
droplet with nonuniform surface anchoring, the contribution of the elec-
tric control field to the free energy density Fe can be neglected [22, 52, 53]
due to shielding of the external field by the electric field of the spatially
separated surfactant ions. Then, for distribution of the local director
n(r) corresponding to the minimum of free energy density [25], it is pos-
sible to write:

KΔn rð Þ¼ 0, (7.40)

where Δ is the Laplace operator.
To find nx, ny and nz components of the local director n(r), we use the

difference scheme of calculations [30].
To describe the parts of the droplet surface with normal and tangential

anchoring we use the parameter w characterizing the fraction of the drop-
let surface with a normal (homeotropic) surface anchoring: w ¼ 100% �
h/(2c), where h is the height of segment surface of the droplet with normal
boundary conditions along the y axis, 2c is the length of the major droplet
axis (Fig. 7.8).

The values w ¼ 0% and w ¼ 100% correspond to uniform surface
anchoring for droplets with bipolar and radial configurations of local
director n(r), respectively [1]. For other values of w the director

FIG. 7.8 Schematic representation of the cross section of the LC droplet with inhomoge-
neous anchoring by the (x, y) plane. a and c are the semiminor and semimajor axes of the drop-
let; N is the droplet optical axis; ki and ks are the wave vectors of the incident and scattered
waves;�θs and +θs are the scattering angles. The dashes along the ellipse show orientation of
the long axes of LC molecules near the droplet surface. h is the height of segment surface of
the dropletwith normal boundary conditions. Parameterw characterizes fraction of the drop-
let surface with a normal (homeotropic) surface anchoring.
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configuration in the droplet is more complicated [53, 54]. Parameter w
depends on the external controlling field [30]. By changing the field one
can change the intradroplet director configuration and optical character-
istics of the PDLC layer.

The optical axis N of droplet (Fig. 7.8) is directed orthogonally to the
plane separating the droplet on the two parts with different types of
anchoring. Directions +N and �N for such droplets are not equivalent
due to inhomogeneous anchoring which depends on the electric field vec-
tor E orientation [24]. If one changes the vector +E to �E, the normal
anchoring is changed to the tangential one and vice versa. Note that for
droplets with tangential anchoring (bipolar configuration of the local
director in a droplet), directions +N and �N are equivalent (there is no
difference in the director configuration in the droplet for fields +E and
�E) [2].

Calculated textures of the considered LC droplets with homogeneous
and inhomogeneous boundary conditions in crossed polarizers are dis-
played in Fig. 7.9.

Pay attention that the liquid crystal droplet with inhomogeneous sur-
face anchoring is some similarity of the Janus particles [55–59] with the
electrically-controllable characteristics.

7.6 Small-angle structure of the scattered light: Effect of
symmetry breaking

Consider the results for angular distribution of radiation scattered by a
single droplet and by amonolayer of droplets, at small scattering angles θs.

w=0%
bipolar

IBC
w=25%

IBC
w=50%

IBC
w=75%

w=100%
radial

FIG. 7.9 Calculated textures of LC droplets in crossed polarizers with homogeneous
(w ¼ 0% and w ¼ 100%) and inhomogeneous boundary conditions (IBC) at different values
of parameterw. Left picture shows a dropletwith bipolar director configuration, right picture
shows a droplet with radial director configuration.
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Fig. 7.10 illustrates the angular distribution of light scattered by a single
spherical LC droplet with radius c ¼ 5 μm, at zero polarization angle
(α ¼ 0) of the incident linearly polarized light, and zero azimuthal scatter-
ing angle (φs ¼ 0) for the vv-component (Ivv

s (θs)).
The results of the calculations shown in Fig. 7.10, as well as the other

ones presented in this section, are fulfilled for the liquid crystal 5CB. At
the wavelength λ ¼ 0.633 μm the ordinary refractive index of this LC
n? ¼ 1.531, the extraordinary one njj ¼ 1.717. The optical anisotropy of
the liquid crystal Δn ¼ njj–n? ¼ 0.186. The refractive index of the polymer
matrix in calculations was assumed to be equal to the ordinary refractive
index of LC: np ¼n?. The values of the intensity of scattered light are pre-
sented in arbitrary units. One can see that atw ¼ 0% andw ¼ 100% (at uni-
form surface anchoring) the angular distributions of the scattered light
intensity are symmetric with respect to scattering angle θs. This is the case
for any polarization angles α of the incident light and the azimuthal scat-
tering angles φs [31]. In the case of nonuniform anchoring (0% <
w < 100%) the values of intensities of radiation scattered at angles +θs
and �θs (see Fig. 7.6) are different. I.e. the asymmetry effect with respect
to the scattering angle θs is observed. The strongest shift of the main peak
is observed for w ¼ 50%, when the fractions of normal and tangential
anchoring on the surface of a LC droplet are equal.

FIG. 7.10 Angular dependence of the scattered light intensity Ivv
s (θs) calculated for single

spherical droplet at parameter w ¼ 0%, 25%, 50%, 75%, and 100%. The droplet radius
с ¼ 5 μm. α ¼ 0°, φs ¼ 0°. njj ¼ 1.717, n? ¼ 1.531 (λ ¼ 0.633 μm), np ¼ n?.
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Fig. 7.11 shows scattered light intensity component Ivv
s (θs) for w ¼ 50%

at different values of φs. One can see that: (i) the asymmetry effect disap-
pears for φs ¼ 45°, 90°, and 135°; (ii) intensity distributions for φs ¼ 45° and
φs ¼ 135° coincide; (iii) the distributions for φs ¼ 0° and φs ¼ 180° are spec-
ularly symmetric relative to direction of the incident light. Orientation of
the scattering plane at which the asymmetry effect disappears depends on
the w parameter.

The angular distributions of intensity Ivv
inc(θs) of light scattered by an

ensemble of LC droplets with inhomogeneous surface anchoring are illus-
trated by Figs. 7.12 and 7.13. The results for different values of filling factor
η (Fig. 7.12) and orientation angle φs of the scattering plane (Fig. 7.13) are
shown. The calculations are performed using Eq. (7.15).

From Fig. 7.12 it follows that the asymmetry effect increases with
increasing the concentration (filling factor η) of liquid crystal droplets.
At certain values of size and concentration, it becomes more pronounced
due to interference effects at scattering in particulate monolayer. The
interference redistribution of the intensity of the scattered light, which
affects the degree of manifestation of the asymmetry effect, is influenced
by the ordering of the system and depends on the structure factor S(θs).
The Ivv

inc(θs) component of light scattered by the PDLC monolayer
(Fig. 7.13) has the same features as the Ivv

s (θs,φs) component for a single
droplet (Fig. 7.11): the asymmetry effect disappears at φs ¼ 45°, 90°,

FIG. 7.11 Angular dependence of the scattered light intensity Ivv
s (θs) for single spherical

LC droplet at φs ¼ 0°, 45°, 90°, 135°, 180°. Polarization angle of the incident light α ¼ 0°.
njj ¼ 1.717, n? ¼ 1.531 (λ ¼ 0.633 μm), np ¼ n?, w ¼ 50%, с ¼ 5 μm.
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FIG. 7.12 Angular dependence of the intensity Ivv
inc(θs) of light scattered by a monolayer of

monodisperse spherical LC droplets at filling factor η ¼ 0.1, 0.3, 0.5. с ¼ 5 μm, w ¼ 50%,
α ¼ 0°, φs ¼ 0°, njj ¼ 1.717, n? ¼ 1.531 (λ ¼ 0.633 μm), np ¼ n?.

FIG. 7.13 Angular dependence of the intensity Ivv
inc(θs) of light scattered by a monolayer of

monodisperse spherical LC droplets at φs ¼ 0°, 45°, 90°, 135°, 180°. α ¼ 0°, njj ¼ 1.717,
n? ¼ 1.531 (λ ¼ 0.633 μm), np ¼ n?, с ¼ 5 μm, w ¼ 50%, η ¼ 0.5.
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135°; dependences Ivv
inc(θs) are the same for φs ¼ 45°, 135°. They are mirror-

symmetric at φs ¼ 0°, 180°.
Angular distributions of the vv- and vh-components of the intensities of

light Ivv
s (θs,φs), Ivv

inc(θs,φs), and Ivh
s (θs,φs), Ivh

inc(θs,φs) scattered by a single
droplet, and by the PDLC monolayer are shown in Figs. 7.14 and 7.15.
The results are presented for the scattering angles 0° < φs � 360°,
�8° � θs � 8° and illumination by the linearly polarized plane wave with
the polarization angle α ¼ 0. The brighter areas correspond to a greater
intensity. It is clearly seen from the figures that there is no central symme-
try in distributions for layers (and droplets) with inhomogeneous
anchoring.

Angular distributions of light scattered by the droplet and monolayer
under illumination by unpolarized light are shown in Fig. 7.16 at w ¼ 0%,
w ¼ 100%, and w ¼ 50%. The calculations are performed using Eqs. (7.15),
(7.22), (7.25). One can clearly see the asymmetry effect at w ¼ 50% (Fig.
7.16E and F).

The effect of polydispersity of droplets and disorientation of their opti-
cal axes on the angular structure of the intensity of light scattered by the
PDLC monolayer is illustrated by Fig. 7.17 at filling factor η ¼ 0.3.

The disorientation of the optical axes Nj of droplets [47] was modeled
using uniform (with respect to the orientation angle φd) probability den-
sity distribution P(φd):

P φdð Þ¼ 1= 2φmð Þ, φdj j �φm

0, φdj j>φm

�
, (7.41)

where φm is the maximum deviation angle of the optical droplet axes rel-
ative to the y axis of the laboratory coordinate system. At φm ¼ 0° droplet
optical axes are oriented along the y axis, at φm ¼ 180° they are oriented
randomly in the plane of the monolayer. At 0° < φm < 180° there is a par-
tial orientation. Optical axesNj of all droplets are in the monolayer plane.

The polydispersity of droplets was described by the gamma distribu-
tion [35] of the probability density P(c) of droplets radius c as follows:

P cð Þ¼ μμ+ 1

Γ μ+1ð Þ
cμ

cμ+ 1
m

exp �μc=cmð Þ, (7.42)

where μ is the parameter of the distribution, Γ is the gamma function, and
cm is the modal (most probable) droplet radius. The modal radius cm and
parameter μ are associated with the average value hci of the droplet radius
and variation coefficient Dc/hci, where Dc is the standard (mean-square)
deviation, as follows:

cm ¼ μ

μ+ 1
ch i, (7.43)
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FIG. 7.14 Calculated Ivv
s (θs,φs) scattering patterns for the single droplet (A), (C), (E) and

Ivv
inc(θs,φs) scattering patterns for the PDLC monolayer of monodisperse spherical droplets
(B), (D), (F). (A), (B): w ¼ 0%. (C), (D): w ¼ 100%. (E), (F): w ¼ 50%. с ¼ 5 μm, η ¼ 0.5,
njj ¼ 1.717, n? ¼ 1.531 (λ ¼ 0.633 μm), np ¼ n?. y ¼ sinθscosφs, z ¼ sinθssinφs, �8° � θs � 8°,
0° < φs � 360°. Illumination by the linearly polarized plane wave with polarization angle
α ¼ 0°.
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FIG. 7.15 Calculated Ivh
s (θs,φs) scattering patterns for the single droplet (A), (C), (E) and

Ivh
inc(θs,φs) scattering patterns for the PDLC monolayer of monodisperse spherical droplets
(B), (D), (F). (A), (B): w ¼ 0%. (C), (D): w ¼ 100%. (E), (F): w ¼ 50%. с ¼ 5 μm, η ¼ 0.5,
njj ¼ 1.717, n? ¼ 1.531 (λ ¼ 0.633 μm), np ¼ n?. y ¼ sinθscosφs, z ¼ sinθssinφs, �8° � θs � 8°,
0° < φs � 360°. Illumination by the linearly polarized plane wave with polarization
angle α ¼ 0°.
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FIG. 7.16 Calculated Inp
s (θs,φs) scattering patterns for the single LC droplet (A), (C),

(E) and scattering patterns Inp
inc(θs,φs) for the PDLC monolayer of monodisperse spherical

droplets (B), (D), (F), illuminated by the unpolarized light. (A), (B): w ¼ 0%. (C), (D):
w ¼ 100%. (E), (F): w ¼ 50%. с ¼ 5 μm, η ¼ 0.5, njj ¼ 1.717, n? ¼ 1.531 (λ ¼ 0.633 μm), np ¼ n?.
y ¼ sinθscosφs, z ¼ sinθssinφs, �8° � θs � 8°, 0° < φs � 360°.
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μ¼ 1= Dc= ch ið Þ2�1: (7.44)

As one can see from Fig. 7.17, the polydispersity of droplets and disori-
entation of their optical axes change the asymmetry effect manifestation
but do not lead to the effect disappearance.

The asymmetry effect arises owing to inhomogeneity in the anchoring
of liquid crystal molecules at the droplet surface. The effect has an inter-
ference nature and can be explained on the basis of the Huygens-Fresnel
principle [31]. In a droplet with inhomogeneous surface anchoring, the
distributions of the local refractive indices in regions corresponding to
tangential and normal anchoring (Fig. 7.8) are different. As a consequence,
the phase differences for the secondary waves propagating from these
regions in the +θs and �θs directions are different. Interference of these
waves at angles +θs and �θs results in different values of the scattered
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FIG. 7.17 Calculated Ivv
inc(θs,φs) (A, B) and Ivh

inc(θs,φs) (C, D) scattering patterns for the PDLC
monolayer of polydisperse droplets. (A, C): optical axes of droplets are oriented along the y
axis (φm ¼ 0°). (B, D): optical axes of droplets are oriented randomly in the monolayer plane
(y, z) (φm ¼ 180°). Modal radius of droplets cm ¼ 5 μm. Variation coefficient Dc/hci ¼ 0.2.
w ¼ 50%, α ¼ 0°, η ¼ 0.3, njj ¼ 1.717, n? ¼ 1.531 (λ ¼ 0.633 μm), np ¼ n?, y ¼ sinθscosφs,
z ¼ sinθssinφs, �8° � θs � 8° and 0° < φs � 360°.
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light intensities. The asymmetry effect depends on concentration, size,
shape of droplets, director configuration inside the droplet, refractive
indices of liquid crystal and polymer, and illumination conditions.

7.7 Coherent transmittance of PDLC monolayer:
Quenching effect

Coherent transmittance Tc
p of the monolayer of monodisperse LC drop-

lets at normal illumination by the linearly polarized plane wave, can be
written as follows [35, 60]:

Tp
c ¼ 1�Qpη+

Q2
pLp

2
η2, (7.45)

where

Qp ¼ 4π

k2σ
Re fvv θs ¼ 0ð Þ (7.46)

is the extinction efficiency factor of a LC droplet. Parameter

Lp ¼ 1

2
1 +

Im2fvv θs ¼ 0ð Þ
Re2fvv θs ¼ 0ð Þ

 !
1 +

fvh θs ¼ 0ð Þj j2
fvv θs ¼ 0ð Þj j2

 !
: (7.47)

The limits of applicability of the Eq. (7.45) are discussed in [61, 62].
Under normal illumination of the PDLC monolayer with nonpolarized

light, its coherent transmittance Tc
np and the degree of polarization Pc of the

directly transmitted light are [63]:

Tnp
c ¼T

p
c α¼ 0ð Þ+T

p
c α¼ π=2ð Þ

2
: (7.48)

Pc ¼T
p
c α¼ 0ð Þ�T

p
c α¼ π=2ð Þ

T
p
c α¼ 0ð Þ+T

p
c α¼ π=2ð Þ : (7.49)

The coherent transmittance Tc
p of a monolayer of spherical LC droplets

as functions of the size parameter ρ ¼ 2πсnp/λ for different values of thew-
parameter are shown in Fig. 7.18 (polarization angle of the incident light
α ¼ 0) and Fig. 7.19 (polarization angle of the incident light α ¼ π/2).

Fig. 7.20 shows the degree of polarization Pc of light depending on the
size parameter ρ when the monolayer is illuminated by nonpolarized
light. For films containing droplets with a radial configuration
(w ¼ 100%), the degree of polarization of directly transmitted light is zero
(Pc ¼ 0) for any values of the size parameter ρ (direct light is not polar-
ized). For other values of the parameter w polarization degree depends
on the size parameter. Negative Pc values mean that the transmitted light

1877.7 Coherent transmittance of PDLC monolayer: Quenching effect



FIG. 7.18 Coherent transmittance Tc
p of a monolayer of spherical LC droplets on the size

parameter ρ at different values of parameter w. The wavelength and polarization angle of
incident light are λ ¼ 0.633 μm and α ¼ 0. Refractive indices of the LC n? ¼ 1.531, njj ¼ 1.717.
Refractive index of the polymer np ¼ 1.53. Filling factor of the monolayer η ¼ 0.5.

FIG. 7.19 Coherent transmittance Tc
p of a monolayer of spherical LC droplets on the

size parameter ρ at different values of parameter w. The wavelength and polarization
angle of incident light are λ ¼ 0.633 μm and α ¼ π/2. Refractive indices of the LC
n? ¼ 1.531, njj ¼ 1.717. Refractive index of the polymer np ¼ 1.53. Filling factor of the mono-
layer η ¼ 0.5.
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is polarized orthogonally to the optical axes N of the LC droplets (see
Figs. 7.6 and 7.8).

As follows from Eq. (7.45), at Lp ¼ 0.5 and η ¼ 2/Qp the coherent trans-
mittance vanishes (Tc

p ¼ 0). That is the interference quenching effect for the
directly transmitted light is implemented [35].

Figs. 7.21–7.23 show the dependences of theQp and Lp parameters of the
LC droplets on the size parameter ρ at an incident light polarization angle
α ¼ 0 for different w-values. The calculations are performed for the 5CB
nematic liquid crystal (n? ¼ 1.531, njj ¼ 1.717). The value of the refractive
index of the polymer matrix np ¼ 1.53 is close to the ordinary refractive
index of the liquid crystal: np � n?.

As follows from the results of numerical analysis and the data pre-
sented in Figs. 7.21 and 7.22 at np � n?, the parameters Qp and Lp satisfy
the conditions for the implementation of the interference quenching effect
in the range of w from 0% to 25%. The required values of the size param-
eter ρ and filling factor η, respectively, are approximately equal to 11.5 and
0.7. For the radial configuration of LC droplets (w ¼ 100%) the interference
quenching effect at np � n? cannot be implemented (Fig. 7.23). However,
the effect can be realized with other values of the refractive index of the
polymer matrix. The parameters of a film for the quenching effect imple-
mentation, when the refractive index of the polymer matrix np changes in
between the values of ordinary n? and extraordinary njj refractive indices
of a liquid crystal are shown in Table 7.1.

FIG. 7.20 Dependences of polarization degree Pc of directly transmitted light on the size
parameter ρ at different values of parameter w. λ ¼ 0.633 μm, n? ¼ 1.531, njj ¼ 1.717,
np ¼ 1.53, η ¼ 0.5.
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FIG. 7.21 Dependences ofQp and Lp on the size parameter ρ for a spherical bipolar droplet
(w ¼ 0%). Ordinary and extraordinary refractive indices of liquid crystal are: n? ¼ 1.531,
njj ¼ 1.717. Refractive index of polymer np ¼ 1.53.

FIG. 7.22 Dependences of Qp and Lp on the size parameter ρ for a spherical droplet with
inhomogeneous anchoring at w ¼ 25%. Ordinary and extraordinary refractive indices of liq-
uid crystal are: n? ¼ 1.531, njj ¼ 1.717. Refractive index of polymer np ¼ 1.53.
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One can see that to implement the quenching effect the refractive index
of the polymer matrix has to be close to the average value of the refractive
index of the liquid crystal [1]. Note that this condition can be achieved by
doping the PDLC film with carbon nanotubes or other nanoparticles [64].
An experimental confirmation of the quenching effect for a monolayer of
LC droplets with a bipolar configuration (w ¼ 0%) was demonstrated
in [65].

FIG. 7.23 Dependences ofQp and Lp on the size parameter ρ for a spherical droplet with a
radial structure at w ¼ 100%. Ordinary and extraordinary refractive indices of liquid crystal
are: n? ¼ 1.531, njj ¼ 1.717. Refractive index of polymer np ¼ 1.53.

TABLE 7.1 The parameters of the PDLC monolayer (r, np, �, Qp) for the quenching
effect implementation at refractive indices of LC n? ¼ 1.531, njj ¼ 1.717 and polarization
angle a ¼ 0.

Parameter,w

Size

parameter,

ρ
Refractive index of the

polymer matrix, np

Filling

factor, η

Extinction

efficiency

factor, Qp

0% (bipolar) 22.2 1.615 0.7178 2.8136

25% 15.2 1.565 0.7195 2.779

50% 22.3 1.595 0.6909 2.895

75% 26.9 1.605 0.7105 2.815

100% (radial) 29.6 1.595 0.6448 3.101
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The film where the quenching effect is implemented allows one dra-
matically increase themodulation depth and contrast of the electro-optical
response.

7.8 Small-angle distribution of light at the quenching effect
implementation

Let us consider the asymmetry in the angular distribution of the scat-
tered light intensity under conditions of the interference quenching effect
implementation.

Fig. 7.24A illustrates the dependence of Tc
p on the size parameter ρ at

different values of polarization angle α of the incident light. Fig. 7.24B
shows the data for Ivv

inc(θs) component at different azimuthal scattering
angles φs. The used parameters (np ¼ 1.56, с ¼ 1.91 μm, and η ¼ 0.713)
are chosen so that the quenching effect is implemented at α ¼ 0°. From
data presented in Figs. 7.24B and 7.13 one can see that the quenching effect
results in more pronounced asymmetry effect.

7.9 Comparison of the theoretical and experimental data

7.9.1 Experimental set-up

Scattered light intensity was measured by means of the optical set-up
shown schematically in Fig. 7.25. Unpolarized beam of He-Ne laser
(LASOS, λ ¼ 0.633 μm) passed through the polarizer which can rotate
from the horizontal direction to the vertical one. Linearly-polarized light
after polarizer is incident normally on the surface of the PDLC sample
under study. The intensity of scattered light was measured by the silicon

(B)(A)

FIG. 7.24 Coherent transmittance Tc
p of the monolayer as function of the size parameter ρ

for different α-values (A) and the Ivv
inc(θs) component of the scattered light intensity at α ¼ 0°

for different φs-values (B). n? ¼ 1.5, njj ¼ 1.7, λ ¼ 0.633 μm, np ¼ 1.56, с ¼ 1.91 μm, w ¼ 50%,
η ¼ 0.713.
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photodetector with the amplifier PDA100A-EC (ThorLabs) arranged on
the optical breadboard rotating in the horizontal plane. PDLC film posi-
tion coincides with the rotation axis of the optical plate. Angular sizes
of the optical diaphragm located in front of photodetector are 15 min in
the horizontal direction and 45 min in the vertical one. Angular depen-
dence of the intensity of scattered light is measured with the increment
15 	 2.5 min beginning with the 400 angle relative to the symmetry axis
to exclude the forwardly transmitted coherent radiation. The signal from
photodetector is analyzed using the oscillograph TDS 2012B (Tektronix).

The rotation of polarizer and analyzer relative to each other as well as to
the horizontal allows measuring the scattered light intensity for the vari-
ous experimental schemes. We have considered two variants. For the first
one the polarizer and analyzer were oriented vertically (vv-component of
the scattered light). For the second the polarizer orientation was vertical
and analyzer one was horizontal (vh-component of the scattered light).

7.9.2 Small-angle light scattering by a PDLC monolayer with
homogeneous boundary conditions: Results of measurements and
comparison with theory

The prepared PDLC film contains the bipolar spheroidal nematic drop-
lets (parameter w ¼ 0%) with the average diameter of droplets equal to
13.5 μm in the film plane (Fig. 7.26). The film thickness is 4.3 μm, and ratio
of the minor to the major spheroid axes is varied in the range of 0.7–0.2 for
the droplets with diameters of 6–20 μm in the film plane. Morphology of
the film was studied by the polarizing optical microscope.

Relatively small dispersion of the droplet sizes is observed (Fig. 7.27).
Fraction of droplets in the range of 13.5 	 2.5 μm is 73%. The filling factor η
of the layer is calculated as the ratio of sum of areas occupied by all

FIG. 7.25 Scheme of the set-up to measure the scattered light intensity [47].
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FIG. 7.26 Microphotograph of the film in the crossed polarizers (the polarizers are ori-
ented along the photograph edges). The size of the area is 700 � 520 μm2.

FIG. 7.27 Histogram of the of droplet diameters distribution in the film plane. The data
over the bars are the values of the ratio of the minor to major droplet axes.
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droplets within the observable part of the sample to the area of this part.
For the film shown in Fig. 7.26 the filling factor η ¼ 0.23.

The photographs of the scattering patterns for the linearly polarized
incident light are shown in Fig. 7.28. They were obtained by means of
the above described setup. Observations in the schemes of parallel and
crossed polarizer and analyzer show that the part of scattered light has
the polarization perpendicular to the incident light polarization. When
the polarization direction of incident light is rotated by the certain angle,
the scattering pattern is entirely rotated at the same angle.

The experimental data are compared with the data calculated using the
equations described in Section 7.3. The results for the vv- and vh-
components of the scattered light intensity are presented in Fig. 7.29.

7.9.3 Experimental implementation of the symmetry breaking
effect: Monolayer of droplets with inhomogeneous boundary
conditions

The Ivv
inc(θs,φs) and Ivh

inc(θs,φs) intensity components of scattered light
were measured for the PDLC film based on the 5CB nematic LC dispersed
in the polyvinyl alcohol (PVA) plasticized with glycerine (Gl). Nematic
was previously doped with ionic surfactant cetyltrimethylammonium
bromide (CTAB). The weight ratio of PDLC components was: LC:
CTAB:PVA:Gl ¼ 1: 0.040:2.653:0.757. The samples were prepared by the
emulsification method [1]. The refractive indices of 5CB measured at
the temperature t ¼ 23 °С and wavelength of incident light λ ¼ 0.633 μm
are n? ¼ 1.531 and njj ¼ 1.717. The refractive index of the polymer matrix
is np ¼ 1.503. PDLC film was formed on the glass substrate with ITO elec-
trodes. The electric field is applied in the plane of the film.

FIG. 7.28 Photographs of scattering patterns for geometry of parallel (A) and crossed
(B) polarizer and analyzer. The laser beam passing straightforward is shaded. Exposure time
for the crossed polarizer and analyzer is more than for the parallel ones.
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The thickness of the PDLC film was 13.0 	 0.5 μm. The sample con-
tained spheroidal droplets with the radial structure (parameter
w ¼ 100%). Average droplet radius in the film plane was 3.25 μm and
the variation coefficient Dc/hci ¼ 1.35. The film thickness and the droplet
oblateness were determined by observation of the cross section of the sam-
ple using the optical microscope. The average ratio ε of minor axis of sphe-
roidal droplets to the major one was equal to 0.49 	 0.05. The layer filling
factor was η ¼ 0.22. Under the DC voltage U, the tangential boundary con-
ditions were formed at the part of droplet surface. At U ¼ 27 V the average
ratio of the height of the segment with homeotropic anchoring to the drop-
let diameter w ¼ 70%. The droplet optical axes are oriented along to the
applied electric field.

The photographs of patterns of polarized laser light scattered by
ensemble of radial droplets (w ¼ 100%) and ensemble of droplets with
inhomogeneous anchoring (w ¼ 70%) are presented in Fig. 7.30.

It can be seen that the pattern of light scattered by the film containing
the droplets with the radial configuration is symmetric (Fig. 7.30A), while
for the film containing the droplets with inhomogeneous anchoring the
patterns are asymmetric (Fig. 7.30B and C).

FIG. 7.29 Experimental and calculated data for the Ivv
inc and Ivh

inc intensities of light scattered
by the PDLCmonolayer of spheroidal bipolar LC droplets versus the polar scattering angle θs
at azimuthal scattering angle φs ¼ 90°. η ¼ 0.23, njj ¼ 1.717, n? ¼ 1.531, np ¼ 1.522,
λ ¼ 0.633 μm [47].
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7.10 Effective medium approximation

When studying the coherent transmittance of the PDLCmonolayer con-
taining the LC droplets with an arbitrary internal structure, it is conve-
nient to use the effective medium approximation (EMA) [2, 8, 10–13, 15,
46, 60, 66–68]. It is based on taking into account phenomenologically
the symmetry properties of the internal structure of an LC droplet.

The essence of the approximation is as follows: the nematic LC droplet
with an arbitrary structure is replaced by an LC droplet of the same shape
and size with a monodomain structure of the local director of the LC. The
refractive indices of such a monodomain droplet depend on the distribu-
tion of the local optical axes of the initial droplet. They are named effective
refractive indices for extraordinary, nde, and ordinary, ndo, waves. The def-
initions of effective refractive indices are based on the concept of multile-
vel order parameters [46, 60, 67–70].

Let us consider the relationship between the effective refractive indices
and the order parameters of the initial droplet and the PDLC layer.

(A) (B) (C)

Ivv
inc, �=90� Ivv

inc, �=90� Ivv
inc, �=0�

Ivh
inc, �=90� Ivh

inc, �=90� Ivh
inc, �=0�

FIG. 7.30 Photographs of the scattering patterns in the forward hemisphere in OFF
(A) and ON (B), (C) states of the sample illuminated by the linearly polarized laser light.
The photographs are taken at parallel (top row) and crossed (bottom row) polarizer and ana-
lyzer. The direction of the polarizer is perpendicular (B) and parallel (C) to the direction of the
applied electric field. The central spot of the directly transmitted beam is shaded. The direc-
tions of the polarizer (P) and the analyzer (A) are indicated by double arrows, the direction of
the applied field is designated by single arrows. In the ON state the applied voltage is 27 V.
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Let we have a partially y-oriented geometry of the distribution of the
optical axes Nj of droplets within the cone Ω0 about the y-axis of the lab-
oratory coordinate system (see Fig. 7.31). In this figure θm and φm are the
maximum deviation angles of the optical axes of the droplets relative to
the y axis in the (x, y) and (y, z) planes, respectively, hNi is the average
direction of orientation of the optical axes of the droplets. The other nota-
tions are explained in Section 7.3.

At uniform distribution of the optical axes of the droplets within the
cone Ω0, the tensor order parameter of the PDLC film is diagonal
[46, 60, 68]:

S
f
¼

Sfx 0 0
0 Sfy 0
0 0 Sfz

0@ 1A: (7.50)

The elements Sfx, Sfy, Sfz are related as follows:

Sfy ¼ 1

2
1�Sfx
� �

g�Sfx
� �

, (7.51)

Sfz ¼ 1

2
Sfx�1
� �

g�Sfx
� �

, (7.52)

g¼ sin2φm

2φm

: (7.53)

FIG. 7.31 A cone (Ω0) schematically shows partial y-oriented distribution of droplets
directors of a PDLCmonolayer. hNi is the average direction of orientation of the optical axes
Nj of the droplets. θm and φm are the maximum deviation angles of the optical axes of the
droplets relative to the y axis in the (x, y) and (y, z) planes, respectively. If θm ¼ 0 and φm ¼ π
the structure of the optical axes of the droplets is random in the monolayer plane (y, z). If
θm ¼ π/2 and φm ¼ π the optical axes of the droplets are randomly distributed over the full
solid angle 4π.
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For a cylindrically symmetric distribution of the director configuration
in droplets when the layer is illuminated along the x axis, the equations for
determining the effective indices nde and ndo have the form [46]:

nde ¼ nh i+ 2

3
ΔnSSdySfy, (7.54)

ndo ¼ nh i+ 2

3
ΔnSSdzSfz: (7.55)

Here hni ¼ (2n? + njj)/3, S is the molecular order parameter of the LC,
Sdy и Sdz are the y- and z-components of the tensor order parameter of the
droplets.

We write down the expressions for the effective refractive indices of LC
droplets with inhomogeneous boundary conditions when applying a con-
trol electric field along the x, y, z coordinate axes.

(i) The control field is applied in the plane of the layer along the y axis. In
this case, there is an y-orientation structure of the optical axis of the
droplets (hNi jj y): θm ¼ φm ¼ 0, Sfx ¼ �1/2, Sfy ¼ 1, Sfz ¼ �1/2. Then
from (7.54), (7.55) it follows:

nde ¼ nh i+ 2

3
ΔnSSdy, (7.56)

ndo ¼ nh i�1

3
ΔnSSdz: (7.57)

(ii) The control field is applied in the plane of the layer along the z axis
(hNi jj z): Sfx ¼ �1/2, Sfy ¼ �1/2, Sfz ¼ 1. In this case

nde ¼ nh i�1

3
ΔnSSdy, (7.58)

ndo ¼ nh i+ 2

3
ΔnSSdz: (7.59)

(iii) The control field is applied normally to the layer along the x axis (hNi
jj x): Sfx ¼ 1, Sfy ¼ Sfz ¼ �1/2 and

nde ¼ nh i�1

3
ΔnSSdy, (7.60)
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ndo ¼ nh i�1

3
ΔnSSdz: (7.61)

For bipolar LC droplets with moving poles, if a control electric field is
applied normally to the layer, the effective refractive indices [46, 60, 68]:

nde ¼ nh i+ 1

3
ΔnSSd 1�2Sfx

� �
, (7.62)

ndo ¼ nh i�1

3
ΔnSSd, (7.63)

where Sd is the scalar order parameter of the LC droplet characterizing the
measure of orientational ordering of the long axes of the liquid crystal
molecules within the droplet and depending on the control electric field.

The results of comparison of the theoretical data calculated using the
EMA and the experimental ones are presented in Fig. 7.32 [60]. In this fig-
ure Tc

k and Tc
? denote the coherent transmittances of the PDLC monolayer

(normally illuminated by the linearly polarized light) parallel and orthog-
onally to the direction of the average orientation of the optical axes of the
LC droplets. The control field is applied normally to the layer. The droplet
structure in the absence of control voltage is bipolar.

In conclusion of this section, we note that the effective medium approx-
imation is applicable for the analysis of the coherent component of light
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FIG. 7.32 Dependences of parallel Tc
k and the orthogonal Tc

? components of coherent
transmittance of the monolayer PDLC film on the control voltage V [60]. The average droplet
radius hсi ¼ 6 μm. n? ¼ 1.53, njj ¼ 1.73, np ¼ 1.527, η ¼ 0.435. Experimental (points) and the-
oretical (lines) data.
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scattered not only by monolayer PDLC films, but also by thin films [2, 8,
10–13, 15, 28]. Also, the approximation allows one to analyze the electro-
optical response of PDLC films doped with nanoparticles [64].

The method and results on the retrieval of the order parameters of liq-
uid crystal droplets with rigid andmoving poles by the coherent transmit-
tance data are described in [60, 68, 71].

7.11 Multilayer films. Electrically controlled photonic band gaps

In this section, we consider PDLC multilayers consisting of spatially
separated monolayers of liquid crystal droplets with uniform normal
surface anchoring in a polymer matrix. Such layered systems are charac-
terized by polarization-independent coherent transmittance and reflec-
tance at illumination and applying the control field along the normal.
Polarization independence is due to the symmetry properties of the con-
figuration of the director of a nematic LC in droplets: in the absence of a
control field, a radial configuration takes place; in the control field, the
configuration of the director of the LC in the droplets is axisymmetric rel-
ative to the normal to the film.

In this case, the quasicrystalline approximation (QCA) [41], approxima-
tion of the effective refractive index of LC droplets (the effective medium
approximation (EMA) [68–71]) and the transfer matrix method (TMM)
[72] can be used to determine the coherent transmittance and reflectance
of the PDLC multilayer.

In the TMM, individual monolayers of the PDLCmultilayer are consid-
ered as interfaces, and the spaces between them as layers (Fig. 7.33).

The basic TMM expressions for the coherent transmittance Tc and
reflectance Rc of the PDLC multilayer are [72]:

Tc ¼ tj j2 ¼ 1=T11j j2, (7.64)

Rc ¼ rj j2 ¼ T21=T11j j2, (7.65)

where t and r are the amplitude transmittance and reflectance of the mul-
tilayer, T11, T21 are the elements of themultilayer transfer matrix T0, Nm

. For
a system of Nm interfaces, the transfer matrix has the form:

T0,Nm
¼ T11 T12

T21 T22

	 

¼ 1

t0,Nm

1 �rNm,0

r0,Nm
t0,Nm

tNm,0� r0,Nm
rNm ,0

	 

: (7.66)

Here t0, Nm
and r0, Nm

(tNm, 0 and rNm, 0) are the amplitude transmittance
and reflectance of a multilayer for a wave propagating in the direction of
the wave vector of the incident light (in the opposite direction).
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The transfer matrix of the system is found by multiplying the transfer
matrices Tj of the interfaces and the propagation matrices Pj of the layers:

T0,Nm
¼

YNm�1

j¼1

TjPj

0@ 1ATNm
, (7.67)

where

Tj ¼ 1

tj�1, j

1 �rj, j�1

rj�1, j tj�1, jtj, j�1� rj�1, jrj, j�1

	 

(7.68)

FIG. 7.33 Schematic representation of a layered system (multilayer) consisting of inter-
faces (If1, …, IfN) and layers (L0, …, LN). Side view. If2, …, IfN�1 are numbers of monolayers
of droplets, If1, IfN are numbers of flat interfaces, Li are numbers of layers. The monolayer
planes are indicated by the dashed lines, and the flat interfaces between the media are indi-
cated by the solid lines. mi and si are the complex refractive index and thickness of the i-th
layer Li; ti,j and ri,j (tj,i and rj,i) are the amplitude transmittance and reflectance of the interfaces
for a wave passing in the direction of illumination (in the opposite direction), i < j; Tс and Rс

are the coherent transmittance and reflectance of the multilayer.
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is transfer matrix of the j-th interface,

Pj ¼ exp �ikjsj
� �

0
0 exp ikjsj

� �	 

(7.69)

is the propagation matrix of the j-th layer, tj�1, j and rj�1, j (tj, j�1 and rj, j�1)
are the amplitude transmittance and reflectance of the j-th interface for a
wave propagating in the direction of the incident wave (in the opposite
direction); kj ¼ 2πmj/λ; mj and sj are the refractive index and the thickness
of the j-th layer, λ is the wavelength in the environment of the system.

To determine the amplitude transmittance and reflectance of individ-
ual monolayers in a multilayer we write the following equations using
the QCA [41] and the effective medium approximation [64] as follows:

tj�1, j ¼ 1� η

ρ2

X∞
l¼1

2l+1ð Þ blM + blE½ �, (7.70)

rj�1, j ¼� η

ρ2

X∞
l¼1

�1ð Þl 2l+ 1ð Þ blM�blE½ �, (7.71)

where the coefficients blM(ndj) and blE(ndj) depend on the effective refrac-
tive index ndj of LC droplets in the j-th interface. A QCA-based technique
for determining blM(ndj) and blE(ndj) with taking into account the multiple
scattering of light one can find in [41, 73].

For spherical droplets with uniform normal interface surface anchor-
ing, the effective refractive index is [64]:

nd ¼ niso�1

3
ΔnSSd: (7.72)

For the case of normal surface anchoring, in the absence of a control field
(OFF-state), the configuration of the LC director is radial: Sd ¼ 0 in Eq.
(7.72). When a strong control field (ON-state) is applied, a monodomain
configuration of the LC director is formed and the order parameter Sd ¼ 1.

Figs. 7.34–7.36 show the spectral dependences of the coherent transmit-
tance Tc and reflectance Rc of the PDLCmultilayer with the filling factor of
the constituent monolayers η ¼ 0.5.

The calculations were performed for E7 LC droplets in a polymethyl-
methacrylate (PMMA) polymer matrix for different diameters and thick-
nesses s of the separation layers in the absence of a control field (order
parameter of LC droplets Sd ¼ 0) andwhen the control field is applied nor-
mally to the multilayer with the formation of a monodomain structure of
LC droplets (droplet order parameter Sd ¼ 1). In the calculations, the
refractive index of the separation layers is 1.5 (refractive index of PMMA);
molecular order parameter S ¼ 1.

From the Figs. 7.34–7.36 it is seen that with increasing the number of
interfaces in the OFF state the photonic band gaps (PBG) are formed. If
the droplet diameter D coincides with the thickness s of the separation
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layers, one PBG occurs (Figs. 7.34A and B and 7.36A and B). For
D ¼ s ¼ 0.2 μm, it is located in the visible region of the spectrum (Fig.
7.34A and B). For D ¼ s ¼ 0.5 μm, the PBG is located in the near infrared
region (Fig. 7.36A and B). When the thickness of the separation layers s is
twice as large as the diameter of the LC droplets, the number of PBGs is
also equal to two (Fig. 7.35A and B). Turning on the electric field (ON state)
allows one to control the depth of the PBG and the transmittance and
reflectance of the PDLC multilayer (see graphs in Figs. 7.34–7.36 at
Sd ¼ 0 and Sd ¼ 1).Moreover, as can be seen from Fig. 7.36 for the diameter
of the droplets D ¼ 0.5 μm, when the PDLC multilayer is switched from
the OFF state to the ON state, the modulation depth of its transmittance
Tc and reflectance Rc in the PBG regions tends to a maximum value
(i.e., unity).

The obtained results can be used to develop photonic devices based on
PDLC multilayers with electrically controlled transmission and reflection
of light in the visible and near infrared spectral regions and in the devel-
opment of holographic PDLC films [74–83].

(A) (B)

(C) (D)

FIG. 7.34 Spectral dependences of Tc (A, C) and Rс (B, D) of the PDLC multilayer in the
OFF state at Sd ¼ 0 (A, B) and the ON state at Sd ¼ 1 (C, D). LC E7. The diameter D of liquid
crystal droplets in individual monolayers is equal to the thickness s of the separation layers:
D ¼ s ¼ 0.2 μm. Filling factor of individual monolayers η ¼ 0.5. ifs is the number of interfaces
(monolayers) in the multilayer.
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7.12 Conclusion

The methods to describe and numerically simulate the small-angle dis-
tribution of light scattered by a PDLC monolayer film with inhomoge-
neous surface anchoring have been developed. They are based on the
anomalous diffraction and the interference approximations. The results
illustrate the change in the structure of the light scattered at small angles
as a function of the droplet and film parameters.

The effect of the orientation angle of the scattering plane on the intensity of
the scattered light is investigated. The symmetry breaking of the small-angle
distribution of the scattered light intensity is analyzed as a function of size,
polydispersity and disorientation of optical axes of liquid crystal droplets.

The model developed makes it possible to analyze not only the small-
angle part of the scattered light but also the total scattering diagram, if
instead of the anomalous diffraction approach, one uses another
approaches, for example, the Wentzel-Kramers-Brillouin approximation
[29] to describe scattering by an individual LC droplet.

The coherent transmittance of the PDLC film with a monolayer of LC
droplets with inhomogeneous surface anchoring on the surface of LC

(A) (B)

(C) (D)

FIG. 7.35 Spectral dependences of the coherent transmittance Tc (A, C) and reflectance Rс

(B, D) of the PDLC multilayer in the OFF state at Sd ¼ 0 (A, B) and the ON state at Sd ¼ 1
(C, D). LC E7. D ¼ 0.2 μm. s ¼ 0.4 μm. η ¼ 0.5. ifs is the number of monolayers in the
multilayer.
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(A)

(B)

(C)

FIG. 7.36 Spectral dependences of the coherent transmittance Tc (A, C) and reflectance Rс

(B, C) of the PDLC multilayer in the OFF state at Sd ¼ 0 (A, B) and the ON state at Sd ¼ 1 (C).
LC E7. D ¼ s ¼ 0.5 μm. η ¼ 0.5. ifs is the number of monolayers in the multilayer.
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droplets was studied. The parameters of the monolayer of LC droplets are
determined for realizing the interference quenching effect.

The analysis of spectral transmittance and reflectance of the one-
dimensional photonic crystals consisting of PDLC multilayers is carried
out. The conditions are determined for the formation of the PBG and
the transmittance and reflectance of multilayers are analyzed in the region
of the PBG in the absence and upon application of a control electric field.

The obtained results can be used at the development of the electro-
optical devices based on the liquid crystal dispersions (amplitude and
phasemodulators of light, polarizers and light-state transducers, displays,
photonic crystals etc.). In particular, the symmetry breaking effect can
potentially be considered as promising to develop devices for masking
the display information. We have to note that stronger asymmetry effect
can be achieved in the films with microfluidics generated LC droplets
[84–86], because they have narrow size distribution of droplets and the fill-
ing factor of these films can be significantly higher than in the PDLC films.
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