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Abstract. A model to describe light scattering by polymer film containing of monolayer of
liquid crystal droplets with inhomogeneous anchoring of liquid crystal molecules at the polymer-
droplet interface is developed. It is based on the interference approximation of the wave scattering
theory. The director field distribution in the droplet volume is determined by solving the free energy
density minimization problem using the relaxation method. The spatial distribution of droplets in
the layer is described by the hard disks model. The amplitude scattering matrices of individual
droplets are found in the anomalous diffraction approximation. The algorithm for numerical
analysis of the characteristics of light scattered in a polymer film containing droplets at
homogeneous and inhomogeneous surface anchoring is described in terms of the partial filling
factors of the monolayer film. Electrically controllable symmetry breaking effect of angular

distribution of light scattered by films containing droplets with inhomogeneous anchoring at the

polymer-droplet interface is described and experimentally confirmed.
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I. INTRODUCTION
Polymer-dispersed liquid crystal (PDLC) films are composite materials consisting of liquid-
crystal droplets dispersed in a polymer matrix [1,2]. The electrically, magnetically, thermally, and
preasure induced change in orientation of the liquid crystal molecule results in variation of the film
optical properties. Such films can be flexible. They possess high mechanical 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. [3-16].



At present there are two approaches to control the electro-optical response of the PDLC films
in the scattering mode.

The first one is based on the classic Freedericksz effect [17-19]. In this case the surface
anchoring of the liquid crystal (LC) molecules with the polymer matrix remains unchanged with
changing the control electric field. The director configuration in the droplet returns to its original
state due to the elastic forces in the film when the field is switched off. Classic Freedericksz effect
underlies the operation of modern electro-optical liquid crystal devices.

Another approach is based on the local Freedericksz transition [20,21]. In this case the local
change in the orientation of the optical axes (directors) in the LC droplet volume 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 [22]. The ionic
surfactant creates heterogeneity of interfacial anchoring and transforms the droplet director
configuration.

Theoretical description of the electrooptical response of the PDLC films with non-uniform
interphase anchoring has to take into account the optical anisotropy of the liquid crystal, the
orientation of the LC molecules in the droplets (which depends on the surface anchoring at the
interface), concentration of droplets, the optical characteristics of the polymer matrix and liquid
crystal, and other parameters [2, 8-11].

At the moment, there is no rigorous theory of light scattering by dispersed optically
anisotropic medium. Because of this, the problem of light propagation is solved by the approximate
methods [23-28]. In this paper, to describe light scattering in the monolayer films consisting of
liquid crystal droplets embedded in polymer matrix the intrerferece approximation and the model of
hard discs are used. To analyse small-angle light scattering by a single LC droplet we use
anomalous diffraction approximation. Configuration of the director field (director configuration) in
a droplet is determined on the base of the free energy minimization problem solution using the
relaxation method. We have analyzed small-angle scattering of light by a single LC droplet and by
the PDLC film. The model of hard discs is discussed in detailes in application to the considered
problem. It is studied the electro-optical effect of breaking the symmetry of the small-angle
distribution of scattered radiation in films with inhomogeneous surface anchcoring of liquid crystal
molecules at the polymer-droplet surface. The effect consists in the fact that in the scattering plane
(the plane defined by the wave vectors of the incident and scattered waves) the values of intensities
of radiation scattered at angle +6; and angle —6; (see Fig.1) are different relative to the illumination
direction. Some preliminary data on the effect are given in [29-31]. It is worth noting that in films
with homogeneous surface anchoring there is a symmetrical distribution of the radiation intensity

scattered at the angles +6; and -6, [1,2, 29-31].



II. OPTICAL MODEL TO DESCRIBE SMALL-ANGLE LIGHT SCATTERING BY A
PDLC FILM

Let us consider a PDLC monolayer illuminated by a linearly polarized plane wave with wave
vector directed normally to the monolayer plane. The geometry of illumination is presented in
Fig.1. In here 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); 4 is the area of the investigated part
of the layer; E; and k; are the polarization vector and the wave vector of the incident wave; K; is the
wave vector of the scattered wave; 0, is the scattering angle; ¢, is the angle of orientation of the
scattering plane (k;,ky); vectors N; are the 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 [1,2,32] with numberj (j = 1,2, ..., N ; N is the number of droplets).

FIG. 1. Geometry of the PDLC monolayer illumination and light scattering. Notations are in the

text.

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 scattered light, which are polarized parallel and orthogonal to the



polarization plane (E;k;) of the incident wave, respectively. In Fig. 1 they are indicated by the lines
vv and vh.

Using the interference approximation [33,34], we write the expressions for vv- and vh-
components of the scattered field at the observation point M (in the far field zone) with radius vector
R as follows [35]:

N m N,

E), . (R)= ZE (R)exp(-ik,r;) = ZE (R);exp(—iksr;) : (1)
where E""(R) are components of the field created by the j-th droplet into the point R, r; is radius
vector of the droplet center in the monolayer plane (y,z), N; is the number of the /-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 vi- components of the scattered field £/"**(R) are:
v, vh v, vh lEz .
EMM(R)= £ (ks)k—ReXp(lkR), (2)

where fi"""(ks) are the vv- and vh- components of the vector amplitude scattering function [33,36]
of the individual droplet of type /, E; is the amplitude of the incident wave, k=2zn,/A, n, is the
refractive index of polymer matrix, A is the wavelength of incident light, R=|R|.

To determine vv- and vAi- components of the intensity of the incoherently (diffusely) scattered

radiation 1,,”™ and 1,,”" we use the equation [34]:
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where the angle brackets (...) denote averaging over the droplet positions r;. Below, if the variable

£, R ) ‘<E:;,vh(R)>,/ , 3)
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of averaging is not indicated, the angle brackets denote averaging over the droplet sizes.
Assuming that the spatial distribution of the LC droplets is statistically homogeneous and

isotropic, using Egs. (1) - (3), the 1,," and 1,,’™ components [33] can be written as:

I‘I;"f"h (95 ’ ¢3) = C k27<70> Z (PIPIV )1/2 »]FIW)V}I (93 ’ ¢s )f}:kVV)Vh (es ’ ¢s )Sll' (65) ’ (4)
1I'=1

where C=AE?/R*;, 7=N{0)/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; (o)

is the average value of the droplet projections to the monolayer plane (v,z); P/=N;/N and Py= Nr/N

are the fractions of droplet types / and ['; ZB =1; [,I=1,2,...,m; symbol * denotes complex
=1

conjugation; functions Si(6s) are the partial structure factors [37]. They are determined as follows:
$,:(0,) = 8, +8(nm,)" [ (W, () = 1V, (2k(c,c,) P usin 6, Jud, 5)
0
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where 6y is the Kronecker symbol (du=1 for I=I' and 6y=0 for I#1); n, = N,zc; | A, 7, = N,nc; | A

are the partial filling factors; ¢; and ¢/ are radii of the yz-sections of droplets of / and [’ types; Wiu(u)
are the partial radial distribution functions [37]; Jo is the zero-order cylindrical Bessel function of
the first kind.

The partial structure factors Su(6s) can be calculated using a generalized Ornstein-Zernike

integral equation [38-40]. To determine Si(6;s) we use the relation [41]:

1

s0)=(1-Co)) - (6)
Here S‘(HS) is the matrix of the partial structure factors Si(6); [ is the unit matrix of dimension

mxm; 5(@) is the matrix of the 2D Fourier transforms of the direct partial correlation functions
Cu’(es)'

In this paper we use analytical approximation [41], obtained by the solution of the Ornstein-

Zernike equation in the Percus-Yevick [37] approximation for hard disks:

Cr(60,)=(mm,)"*2,(6,), (7
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For monolayer of monodisperse spherical droplets or spheroidal droplets with the circular
cross-section in the monolayer plane the equality c/=c;=c takes place, where ¢ is radius of the

droplet projection to the monolayer plane, and equations (4) are transformed as follows:

inc 2
Ivv,vh(&v’(”s):C% S(gv) (15)

fvv,vh (0? 7(0‘? )

Here

S0y =1+ 41 20,0 4y’ 2 Jo(u)2J1<u>+( n 2+ 21 3}[%@)} 16)
- 2u (I-m) u (I-m° (1-7n) u

is the structure factor [42] of monolayer of monodisperse droplets; o=nc?; u=kcsinbs; =N/ A.
Analytical formulas (7)-(14) and (16) for the structure factors can be used for monolayers
with filling factors up to ~0.7 [33,37].
At 7 < 0.4 it is possible to analyze angular distribution of light scattered by the PDLC
monolayer using the substitution model [37,43,44]. It allows one to simplify essentially the problem
solution.

In this model the partial structure factors Si(6;) (Egs. 5) can be written as:

0, /=1l

(86,)), 1=1"" (17)

Sll'(es) = {

Here (S(6&)) is the structure factor of monolayer of monodisperse droplets (Eq. (15)) averaged over

the droplet radius c:

(5(6,) = PS(6,.c,). (18)

=1

Then the vv- and vh- components are:

inc 77
1 0 =C
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The last equation can be rewritten as:

fvv,vh (Hv ’¢S )
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Numerical data for 1", (6,,9,)obtained by the substitution model are in good agreement

2>c,N_/ B ‘<fvv,vh (0,0, )>°’~N/

with the experimental ones for the monolayer of liquid crystal droplets [45].



Note that the substitution model implies that inversion of any two particles does not change
the spatial configuration of the entire ensemble. This imposes restrictions on the concentration and
the polydispersity degree of droplets.

To analyze 1,,°(6s,ps5) and 1,;°(6,¢s) intensities of radiation scattered by a single LC droplet,
write them, using Eq. (2), as follows:

2

g 1
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(22)

Here C=0E//R*.
The fiv,v1( 65, @5) functions of the single LC droplet are defined by the elements S; (j=1,2,3,4) of
the amplitude scattering matrix [24,33]:

f;v(gs’(os) = S2(957¢s)cosz(a _¢s) + S1(957¢S)Sin2(a _¢s) +

1 _ , (23)
5 (5:0,,0)+5,0,,9))sin 2 ~¢,)

f;/h(es’¢s) = S3(05’¢5)51n2(a _Qs) _S4(959¢5)C052(a _¢s)+

1 : ; 24)
E(Sz(é’s»(ﬂs) = 5,(6,,¢,))sin2(a - ,)

where a is the polarization angle of the incident light (Fig. 1).
At illumination by unpolarized light the relations for intensity 7,,°(6,ps) of light, scattered by

the monolayer (7,,"“(&,ps)) and the single droplet (1,,*(&,ps) are:
150,00 = L1500+ 150,00 +(15 000+ 15 @00) ] 25)
2

They are derived from Egs. (4), (15), (19), (22) with taking into account Egs. (23), (24) and
averaging over the polarization angle « of the incident wave at uniform distribution of light
intensity in the range from 0 to 2.

To determine elements of the scattering amplitude matrix S; (j=1,2,3,4) of the nematic liquid

crystal droplets we used the anomalous diffraction approximation [46,47]. The elements are written

below:
50,0, =" ;’ j (1-T;(&))exp(- ik E)d&. (26)
S,(6,,0,) = ’;j cos 6, j (1-7,(&))exp(- ik & )&, (27)
Sz(eg,coaz—";f cos 6, j T,(&) exp(- ik &) , (28)
54(@,@):_";_: j T, (&) exp(~ ik & )& (29)
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Here k&=(kycospst+kzsings)sinéy, k—(kcos &, ksinbcosos, ksinéssingy); E=(0,y,z) is the radius vector
in the section o of the droplet by the monolayer plane (y,z); 7€) (j=1,2,3,4) are elements of the 2x2

Jones matrix 7 (&) [48,49] of the equivalent amplitude-phase screen.

The Jones matrix 7'(§) depends on the internal structure of LC droplets. It is defined as

follows:

- _ TZ(y’Z) T3(y’Z) _ xnm(y,Z)T
T(y,z)-[n(y,z) Tl(y,z)j_ [TR" (x)PR(x). (30)

X=X, (¥,2)

where x,,, = —aa1- (yz +2z° )/ ¢ and x,, =-+ea\1- (y2 +2° )/ ¢’ are the input and output
coordinates of the wave front at surface of the LC droplet (Fig. 2a); e=a/c is the anisometry
parameter equal to the ratio of the minor axis @ of a droplet (directed along the axis x) to the major

axis c¢ (situated in the monolayer plane); P is the matrix describing the local phase shifts for the

extraordinary and ordinary waves; R(x) and R’(x) are the coordinate transformation matrices along

the path of local bases:
b exp(ik(ne(r)/np - l)Ax) 0 31)
B 0 exp(ik(na /n, —I)Ax) ’
R(x) = cos(p(r)-¢,) —sin(p(r)-g,) (32)
Lsin(p(r)-9,)  cos(p(r)-9,) )
R (x) = cos(p(r)-¢,)  sin(p(r)-o,) (33)
~(sin(p(r)-9,) cos(p(r)-9,) )

FIG. 2. Schematic representation of (a) an LC droplet and (b) its volume element AV. n(r) is the
local director of the elementary volume AV with radius vector r; xisp and xo. are the input and
output coordinates of the wavefront at the droplet surface; k; is the wavevector of the incident wave;
0 and ¢ are the polar and azimuthal angles of the local director n(r) orientation; e, and e. are the
unit polarization vectors of the ordinary and extraordinary waves in the elementary volume AV. ny,

ny, n: are the Cartesian coordinates of the local director n(r).

In Egs. (31) - (33), ne(r) is the local refractive index of the elementary volume AJ) (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 e. (see Figure 2b), n, is the local refractive

index for the ordinary wave polarized along the unit vector e,, which does not depend on the



coordinates x,y,z and is equal to the ordinary refractive index n. of liquid crystal, Ax is the linear
size of the elementary volume AJ along the direction of illumination, ¢(r) is the azimuthal angle of

the local main plane orientation,

n,(r)=nn, /\[n}cos® O(r)+n sin’ O() =nn, /\[nin +n?(1-n?), (34)
cos(qo(r)—gos)=(ny cosQ, +n. singos)/wll—nf ) (35)
sin(o(r)—¢,) = (n,cosp, —n, sing, )/\[1-n? , (36)

0(r) is polar angle of the local director n(r) (Fig. 2b.), n is the extraordinary refractive index of the
liquid crystal, nx, n,, n. are the Cartesian components of the local director n(r) at the point with
radius-vector r.

To calculate distribution of the local director n(r) in the volume of nematic LC droplet we
used equation for the bulk density of the free energy F in the one-constant approximation
[1,2,50,51]:

F=F,+F,, (37)

where
F,= ;K{(div n(r)) +(rotn(r)) } (38)
is the energy density of the elastic deformations,

F = %E(E-n(r))z (39)

e

is the electric part of the free energy density, E is the external control electric field vector, K is the
average value of the modulus of elasticity, e=eoAe, £0=8,85x107'2 C*/(Nm?) is the electric constant,
Ag is the dielectric anisotropy of LC.

When calculating the spatial orientation structure of n(r) inside the droplet (director
configuration) with nonuniform surface anchoring, the contribution of the electric control field to
the free energy density F. 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 the distribution of the local director
n(r) corresponding to the minimum of free energy density [23], one can write on the basis of the
expression (38):

KAn(r)=0. (40)

Here A is the Laplace operator.

To find ny, ny, and n. components of the local director n(r), we used the difference scheme of

calculations [28].



We use the parameter w to characterize the parts of the droplet surface with normal and

tangential anchoring (Fig. 3).

FIG. 3. Schematic representation of the cross section of the LC droplet with inhomogeneous
anchoring by the (x,y) plane. Parameter w characterizes fraction of the droplet surface with a normal
(homeotropic) surface anchoring; a and c are the semiminor and semimajor axes of the droplet; N is
the droplet optical axis; k; and Ky are the wave vectors of the incident and scattered waves; —6 and
+6; are the scattering angles. The dashes along the ellips show orientation of the long axes of LC

molecules at the droplet surface.

The values of w=0 % and w=100 % correspond to the homogeneous anchoring at the LC —
polymer interface. At w=0 %, only tangential surface anchoring occurs all over the surface and a

bipolar director configuration in the droplet is implemented (Fig. 4a).

FIG. 4. Calculated director field distribution in the yz cross section of spherical LC droplet for: (a)
bipolar configuration; (b) radial configuration; (c) configuration for droplet with inhomogeneous

surface anchoring at w=50%. Director field distribution is shown by dashes.

At w=100 %, only normal surface anchoring and the radial internal structure of the droplet are
realized (Fig. 4b). For other values of w the director configuration in the droplet is more
complicated [52,53] (Fig. 4c). Parameter w depends on the external controlling field [28]. By
changing the field one can change the intradroplet director field and optical characteristics of the
PDLC layer.

The optical axis N of droplet (Fig. 3) is directed orthogonally to the plane separating the
droplet on the two parts with different types of anchoring. Directions +N and —N for droplets with
inhomogeneous anchoring are not equivalent because the surface anchoring depends on the electric
field vector E orientation [22]. 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]. It is worth paying
attention that the liquid crystal droplet with inhomogeneous surface anchoring is an example of the

Janus particles [54-58] with electrically-controllable characteristics.

III. SMALL-ANGLE STRUCTURE OF THE SCATTERED RADIATION: SYMMETRY
BREAKING

10



Consider the results for angular distribtion of radiation scattered by a single droplet and by a
monolayer of droplets, at small scattering angles 6.

Figure 5 illustrates the angular distribution of light scattered by a single spherical LC droplet
with radius ¢=5 um, at zero polarization angle (o=0) of the incident light, and zero azimuthal

scattering angle (¢=0) for the vv-component (1,,°( &)).

FIG. 5. Angular dependence of scattered light intensity 1,,’(6) calculated for single spherical
droplet at parameter w=0, 25, 50, 75, and 100%. The droplet radius ¢=5 pm. o=0°, @~=0°. nj=1.717,
n1=1.531 (4=0.633 um), n,=n..

The calculations are performed for different values of parameter w. The results of the calculations
shown in Fig. 5, as well as the other ones presented in this section, are fulfilled for the liquid crystal
5CB. At wavelength 4=0.633 pum the ordinary refractive index of this LC n1=1.531, the
extraordinary one n=1.717. The optical anisotropy of the liquid crystal An=n|-n1=0.186. The
refractive index of the polymer matrix in calculations was assumed to be equal to the ordinary
refractive index of LC: n1=n, The values of the intensity of scattered light are presented in arbitrary
units. One can see that at w=0 % and w=100 %, the angular distributions of the scattered light
intensity are symmetric with respect to scattering angle 6. This is the case for any polarization
angles « of the incident light and the azimuthal scattering angles ¢y [29]. The values w=0 % and
w=100 % correspond to uniform surface anchoring for droplets with bipolar and radial
configurations of local director n(r), respectively. In the case of nonuniform anchoring (0 <w
<100 %) the values of intensities of radiation scattered at angles +6; and —fs (see Fig.1) are
different. I.e. the asymmetry effect with respect to the scattering angle 6 is observed. The strongest
shift of the main peak is observed for w=50 %, when the fractions of normal and tangential
anchoring on the surface of a LC droplet are equal.

Figure 6 shows scattered light intensity component 1,,°(6) for w=50 % at different values

of ¢, . One can see that: (i) the asymmetry effect disappears for ¢=45°, 90°, and 135°; (ii) intensity

distributions for ¢=45° and ¢=135° coincide; (ii1) the distributions for @~=0° and ¢~=180° are
specularly symmetric relative to direction of the incident light. Orientation of the scattering plane at

which the asymmetry disappears depends on the w parameter.
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FIG. 6. Angular dependence of scattered light intensity 1,,'(&) for single spherical LC droplet at ¢
=0, 45, 90, 135, 180°. Polarization angle of the incident light o=0°. nj=1.717, n.=1.531 (1=0.633

pm), ny=n1, w=50 %, c=5 um.

The angular distributions of intensity 1,,/“(&) of light scattered by an ensemble of LC
droplets with inhomogeneous surface anchoring are illustrated by Figs. 7, 8. The results for
different values of filling factors 7 (Fig.7) and orientation angles ¢y of the scattering plane (Fig. 8)

are shown. The calculations are performed using the relation (15).

FIG. 7. Angular dependence of intensity Iwmc( 6) of light scattered by a monolayer of monodisperse
spherical LC droplets at filling factor #=0.1, 0.3, 0.5. ¢=5 pum, w=50 %, o=0°, »=0°, n=1.717,
n1=1.531 (4=0.633 um), n,=n..

FIG. 8. Angular dependence of intensity Iwmc( &) of light scattered by a monolayer of monodisperse
spherical LC droplets at =0, 45, 90, 135, 180°. o=0°, n=1.717, n1=1.531 (41=0.633 um), n,=n.,
c=5 pm, w=50 %, 17=0.5.

From Fig. 7 it follows that the asymmetry effect increases with increasing the concentration
(filling factorz) 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 determined by the ordering of the system. It depends on the structure factor
S(05). The I,,"(6) component of light scattered by the PDLC monolayer (Fig. 8) has the same
features as the 1,,°( 6, ¢s5) component for a single droplet (Fig. 6): the asymmetry effect disappears at
0=45°, 90°, 135°; dependences 1,,"( &) are the same for ¢,=45°, 135°. They are mirror-symmetric
at ¢=0°, 180°.

Angular distributions of the vv- and vh-components of the light intensity 7,,*(&;, @s), In"(6&,
@s), and L (&, os), Li"( 6, ¢s) scattered by a single droplet, and by the PDLC monolayer are shown
in Fig. 9 and 10. The results are presented for the scattering angles 0°<¢,<360° and —8°<6; <8° and
illumination by wave with polarized radiation at polarization angle a=0. The lighter areas
correspond to a greater intensity. It is clearly seen from the figures that there is no central symmetry

for layers (and droplets) with homogeneous anchoring (w=0 % u w=100 %).
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FIG. 9. Calculated 1,,’( &, ¢s) scattering patterns for the single droplet (a), (c), (¢) and Ivvmc(ﬁs,
@s) scattering patterns for the PDLC monolayer of monodisperse spherical droplets (b), (d), (f). (a),
(b): w=0%. (c), (d): w=100 %. (e), (f): w=50 %. ¢=5 pm, 7=0.5, nj=1.717, n1=1.531 (1=0.633 pm),
np=nl1. y=sin6cos @, z=sinfsing;, —8°<6 <8°, 0°<p,<360°. Illumination by linearly polarized plane

wave with polarization angle o=0°.

FIG. 10. Calculated 1,'(6, ¢s) scattering patterns for the single droplet (a), (c), (e) and
Ivhmc(é?g, @s) scattering patterns for the PDLC monolayer of monodisperse spherical droplets (b), (d),
(®. (@), (b): w=0%. (c), (d): w=100 %. (e), (H): w=50 %. c=5 pm, 7=0.5, n=1.717, n1=1.531
(4=0.633 um), ny,=n.. y=sinfcos s, z=sinésings, —8°<6 <8°, 0°<y;<360°. Illumination by linearly

polarized plane wave with polarization angle o=0°.

Angular distributions of light scattered by droplet and monolayer under illumination by
unpolarized radiation are shown in Fig. 11. The calculations are performed using relations (15),

(22), (25). It can be seen that the asymmetry effect also occurs in this case.

203.0
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-0.10

FIG. 11. Calculated I,,’(6;, ¢s) scattering patterns for the single LC droplet (a), (c), (e) and

scattering patterns Inpi"c( 6, ¢s) for the PDLC monolayer of monodisperse spherical droplets (b), (d),
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(f), illuminated by the unpolarized light. (a), (b): w=0 %. (c), (d): w=100 %. (e), (f): w=50 %. c=5
um, 77=0.5, n=1.717, n1=1.531 (41=0.633 um), n,=ni. y=sinécosys, z=sinfsing,, —8°<f <8°,
0°<p<360°.

The effect of polydispersity of droplets and disorientation of their optical axes on the angular
structure of the intensity of light scattered by the PDLC monolayer is illustrated by Fig. 12 for
filling factor 7=0.3.

The disorientation of the optical axes N; of droplets [45] was modeled using uniform (with
respect to the orientation angle ¢y) probability density distribution P(¢x).

1/(2¢m)5 ¢d| S ¢m
i) =
07 |(0d| > ¢m

; (41)

where ¢ is the maximum deviation angle of the optical droplet axes relative to the y axis of the
laboratory coordinate system. At ¢,=0° droplet optical axes are oriented along the y axis, at
@n=180° they are oriented randomly in the plane of the monolayer. At 0°<¢,<180° there is a partial
orientation. Optical axes N; of all droplets are in the monolayer plane.

The polydispersity of droplets was taken into account using the gamma distribution [33] of

probability density P(c) of droplets over radius ¢ as follows:

pu+1 )7

P(c)=—1 exp(—uc/c,), (42)

T (a1 e

where u is the parameter of the distribution, I' is the gamma function, and ¢, is the modal (most
probable) droplet radius. The modal radius ¢, and parameter u are connected with the mean value
(c) of the droplet radius and variation coefficient D./{c), where D. is the standard (mean-square)

deviation, as follows:

_ M
c, = il <c> , (43)
u=1/(D, fe)f ~1. (44)

FIG. 12. Calculated 1,,"“(, ¢s) (a, b) and I,y"(6, ) (¢, d) scattering patterns for PDLC monolayer
of polydisperse droplets. (a, ¢): optical axes of droplets are oriented along the y axis (¢,=0°). (b, d):

optical axes of droplets are oriented randomly in the monolayer plane (y,z) (@,=180°). Modal radius
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of droplets c,»=5 pm. Variation coefficient D./(c)=0.2. w=50 %, a=0°, 7=0.3, n=1.717, n1=1.531
(4=0.633 pm), ny,=n., y=sinécos@s, z=sinbsings, —8°<6; <8° and 0°<¢p,<360°.

As one can see from Fig. 12, the polydispersity of droplets and disorientation 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 interference nature and can be explained on the
basis of the Huygens-Fresnel principle. In a droplet with inhomogeneous surface anchoring, the
distributions of the local refractive indices in regions corresponding to tangential and normal
anchoring (Fig. 3) are different. As a consequence, the phase differences for the secondary waves
propagating from these regions in the +6; and —6, directions are different. Interference of these
waves at angles +6;, and —0, results in different values of the scattered light intensities. The

asymmetry effect depends on concentration, size, shape of droplets, and illumination conditions.

IV. SMALL-ANGLE DISTRIBUTION OF LIGHT AT THE QUENCHING EFFECT
EMPLEMENTATION
Let us consider the asymmetry in the angular distribution of the scattered light intensity
under conditions of the interference quenching effect implementation. In such a case the coherent
component of transmitted light vanishes [33, 59 -62].
When monolayer of monodisperse LC droplets is illuminated by the linearly polarized plane
wave along the normal to the layer, coherent transmission coefficient 7. is determined as follows

[33]:

2
T =1-0n+E 50, 45)
where
4r
O=——Ref, (k =Kk)) (46)
ko
is the extinction efficiency factor of a LC droplet. Parameter
2 k. k =k
L:l(l—klmsz(ks kl)j 1+fvh( s l)|2 . (47)
2 Re” f (k, =Kk,) ik, = k,-)|

When L=0.5 and #=2/Q, the value of 7.=0. It means that the coherently (directly) transmitted
light is absent. We have quenching effect. It consists in redistribution of scattered light from the
scattering direction 6,=0 to scattering angles 6:#0. The realization of these conditions depends
[33,60-62] on the refractive indices of the polymer, liquid crystal, concentration of LC droplets and

the polarization angle « of the incident light.
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The coherent transmission coefficient 7. of the monolayer and [, component of the
scattered light intensity is shown in Fig.13. The calculations are performed for LC with refractive
indices n1=1.5, nj=1.7, refractive index of polymer n,=1.56 (@ A=0.633 pum), and w=50 %. Figure
13a illustrates the dependence of 7¢ on the size parameter p=2mncn,/A, where c is the radius of the
droplets. Figure 13b shows the data for £,,"“(6) components at different azimuthal scattering angles
@s. The used parameters (n,=1.56, ¢c=1.91 pm, and #=0.713) are chosen so that at a=0° the

quenching effect is emplemented.

100

w=50%
— 80

0.14

60

404

204
1E-3 4

1E-4

-14 -12 -10 -8 -6 -4 -260 g2 4 6 8 10 12 14

FIG. 13. Coherent transmission coefficient 7. of the monolayer as function of the size parameter p

for different a~values (a) and the Iwmc( 6) component of the scattered light intensity at o=0° for

different p,-values (b). n.=1.5, nj=1.7, 2=0.633 um, n,=1.56, c=1.91 um, w=50%, #=0.713.

From data presented in Fig 13b and Fig.8 one can see that the quenching effect results in more

pronounced assymetry effect.

V. EXPERIMENT

The 1,"(6,ps) and 1,;"(6,ps) intensity components of scattered light were measured for
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:GI=1:0.040:2.653:0.757. The samples were prepared by the emulsification method
[1]. The refractive indices of 5SCB measured at t=23 °C and 4=0.633 um are n1=1.531 and
n = 1.717. The refractive index of the polymer matrix is 7, = 1.503. PDLC film was formed on the
glass substrate with ITO electrodes separated by the gap. Such cell design allows applying AC

electric field along the film plane.
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The scattering patterns were obtained using the optical setup [45] with the He—Ne laser
LASOS (4= 0.633 um). The light passing through the polarizer normally incidents on surface of the
PDLC sample. The scattered light was registrated using the analyzer.

Thickness of the tested PDLC film was 13.0£0.5 um. The sample contained spheroidal
droplets with the radial structure (parameter w=100%). Avearge droplet radius in the film plane was
3.25 um and the variation coefficient D./{c)=1.35. The film thickness and the droplet oblateness
were determined by observation [63] of the cross section of the sample in optical microscope. The
average ratio ¢ of minor axis of spheroidal droplets to the major one was equal 0.49+0.05. The layer
filling factor was 77=0.22. Under the DC voltage U, the tangential boundary conditions were formed
at the part of droplet surface. At U=27 V the average ratio of height of the segment with
homeotropic anchoring to the droplet diameter w=70 %. The droplet optical axes are oriented along
to the applied electric field.

The photographs of scattering patterns of polarized laser radiation by ensemble of radial
droplets (w=100%) and ensemble of droplets with inhomogeneous anchoring (w=70%) are

presented in Fig. 14.

inc

Ly > a=90°

(a) (b) (c)

FIG. 14. Photographs of the scattering patterns of linearly polarized laser radiation made in off- (a)
and on-state of the electric field (constant voltage of 27 V was applied) (b), (c). The photographs
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are made in parallel (top row) and crossed (bottom row) polarizers. The direction of the polarizer is
perpendicular (b) and parallel (c) to the direction of the applied field. The central spot of the directly
transmitted beam is shaded. The directions of the polarizer (P) and the analyzer (4) are indicated by

double arrows, the direction of the applied field is designated by single arrows.

It can be seen that the pattern of light scattered by droplets with radial configuration is
symmetric (Fig. 14a), while the pattern of light scattered by droplets with inhomogeneous

anchoring is asymmetric (Fig. 14b, ¢).

IV. CONCLUSION

The methods to describe and numerically simulate the small-angle distribution of radiation
scattered by a PDLC monolayer with inhomogeneous surface anchoring have been developed. They
are based on the anomalous diffraction approximation and the interference approximation. The
results illustrate the change in the structure of the radiation scattered at small angles as a function of
the internal structure of LC droplets, their concentration and polydispersity. The effect of the
orientation angle of the scattering plane on the intensity of the scattered radiation 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 small-angle part of the scattered radiation
but also the total scattering diagram, if instead of the anomalous difraction approach, one uses
another approaches, for example, the Wentzel-Kramers-Brillouin approximation [27] to describe
scattering by an individual LC droplet.

The obtained results can be used at development of electro-optical devices based on the liquid
crystal dispersions (amplitude and phase modulators of light, polarizers and light-state transducers,
displays, etc.). In particular, the symmetry breaking effect in angular distribution of scattered light
can be used 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 [64-67],
because they have narrow size distribution of droplets and the filling factor of these films can be

essentially higher than in the PDLC films.
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