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Abstract—We have described the method of analyzing and reporting on the results of calculation of the small-
angle structure of radiation scattered by a polymer-dispersed liquid crystal film with electrically controlled
interfacial anchoring. The method is based on the interference approximation of the wave scattering theory
and the hard disk model. Scattering from an individual liquid crystal droplet has been described using the
anomalous diffraction approximation extended to the case of droplets with uniform and nonuniform interface
anchoring at the droplet—polymer boundary. The director field structure in an individual droplet is deter-
mined from the solution of the problem of minimizing the volume density of the free energy. The electroop-
tical effect of symmetry breaking in the angular distribution of scattered radiation has been analyzed. This
effect means that the intensities of radiation scattered within angles +0, and —6; relative to the direction of
illumination in the scattering plane can be different. The effect is of the interference origin and is associated
with asymmetry of the phase shift of the wavefront of an incident wave from individual parts of the droplet,
which appears due to asymmetry of the director field structure in the droplet, caused by nonuniform anchor-
ing of liquid crystal molecules with the polymer on its surface. This effect is analyzed in the case of normal
illumination of the film depending on the interfacial anchoring at the liquid crystal—polymer interface, the

orientation of the optical axes of droplets, their concentration, sizes, anisometry, and polydispersity.
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1. INTRODUCTION

Theoretical and experimental investigations of
polymer-dispersed liquid-crystal (PDLC) films are of
considerable interest owing to their application in dis-
play systems, as well as systems for optical information
processing, telecommunication, optoelectronics, etc.
[1-5]. These films can form the basis for multifunc-
tional devices with tunable characteristics, such as
optical radiation intensity and phase modulators,
polarizers, light polarization transformers, lenses, fil-
ters, reflectors, and flexible displays [6—13].

Liquid-crystal (LC) droplets in PDLC films are
dispersed in a binding polymer matrix. The intrinsic
orientational structure of droplets varies under the
action of external electric or magnetic fields. No addi-
tional polaroids are required for the formation of the
optical response in light-scattering media in contrast
to traditionally used homogeneous LCs in the birefrin-
gence mode. Polymer films with dispersed LC drop-
lets exhibit flexibility, high mechanical strength, opti-
cal strength, and are distinguished by simple fabrica-
tion technique.

The following two approaches to the control over
the optical response of PDLC films in the light-scat-
tering mode are known at present.

The first approach is based on the classical Freed-
ericksz effect [14—17]. The essence of this effect is that
the orientation of LC molecules in the entire bulk of
LC dropletsis changed by an external controlling field.
The anchoring between LC molecules and the poly-
mer matrix remains unchanged. After the removal of
the field, the intrinsic orientational structure of LC
droplets returns to the initial state due to elastic inter-
action forces in the liquid crystal. The classical Freed-
ericksz effect forms the basis of modern electrooptical
LC systems.

An new approach to controlling the structure of LC
droplets [18] in a polymer matrix has been proposed
and implemented recently using the local Freedericksz
transition [19, 20], in which the orientation of the
director in the bulk of an LC droplet changes due to
the competing action of various surface forces in a
small near-surface region. This method is based on a
modification of the boundary conditions at the LC—
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Fig. 1. Schematic representation of the geometry of illumi-
nation of a PDLC monolayer: xyz is the laboratory system
of coordinates; x is the direction of propagation of the inci-
dent wave; yz is the plane of the monolayer; k;, E;, and o
are the wavevector, polarization vector, and polarization
angle of the incident wave, respectively; kg, 0;, and @, are
the wavevector, scattering angle, and angle of orientation
of scattering plane (k;, k,), respectively; lines vv and vk
define the directions of the polarization vector compo-
nents of the scattered wave parallel and perpendicular to
polarization plane (E;, k;) of the incident wave; Nj is the
director of an individual droplet, whose position in the
monolayer is determined by radius vector T Aisthe area of
the layer under investigation; R is the radius vector of point
of observation M.

polymer interface by ion-forming surfactants (surface-
active substances). An ion surfactor produces nonuni-
formity in the anchoring on surface of droplets and
makes it possible to substantially (by orders of magni-
tude) reduce the strengths of controlling electric field
as compared to PDLC materials exhibiting uniform
anchoring.

In an analysis of the electrooptical response in
PDLC films with nonuniform interfacial anchoring
and for constructing the models that describe the
effects of electrically controlled light scattering, it is
necessary to take into account the optical anisotropy
of LCs, the orientational structure of LC molecules in
droplets (which depends on the anchoring at the inter-
face and changes under the action of the external con-
trolling field), the concentration of LC droplets and
surfactant, the properties of the polymer matrix, mul-
tiple scattering of light, and other parameters.

No rigorous theory of light scattering by dispersed
optically anisotropic media (including PDLC materi-
als) has been developed. For this reason, approximate
methods are employed [21—26]. In this study, we are
using the interference approximation of the theory of
wave scattering for describing light scattering in PDLC
layers with nonuniform interfacial anchoring at the
droplet—polymer boundary (Section 2). We consider
multilayer films. Section 3 contains the relations that
describe the spatial distribution of polydisperse
ensembles of droplets, which are based on the hard
disk model and the substitution model. The approxi-
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mation of anomalous diffraction for analyzing light
scattering by an individual droplet with uniform and
nonuniform anchoring in a polymer matrix is
described in Section 4. A method for solving the prob-
lem of minimizing the volume density of free energy,
which is used to determine the internal structure of the
field of the director (local optical axes) of droplets, is
described in Section 5. Section 6 contains the results
of a comparison of the theoretical and experimental
data on the angular structure of scattered light in
PDLC monolayers. Small-angle scattering of light by
an individual LC droplet and by monolayer PDLC
films is considered in Section 7. We conduct a detailed
analysis of the electrooptical effect of breaking sym-
metry in the small-angle distribution of scattered radi-
ation in films with inhomogeneous boundary condi-
tions of the tangentially normal type. The essence of
this effect is that the values of intensity of radiation
scattered into angles +0, and —0, relative to the illumi-
nation direction in the scattering plane (defined by the
wavevectors of the incident and scattered waves) can
be different [27—29]. It should be noted that films with
a uniform surface anchoring are characterized by a
symmetric distribution of the intensity of radiation
scattered into angles +6, and —6, [1, 2, 27—29].

2. INTERFERENCE APPROXIMATION
FOR DESCRIBING LIGHT SCATTERING
IN A MONOLAYER PDLC FILM

Let us consider a PDLC monolayer illuminated by
a linearly polarized plane wave along the normal
(Fig. 1). The director N; of an individual droplet (j =1,
2, ..., N, where Nisthe number of droplets in the layer)
characterizes the direction of orientation of longer
axes of LC molecules, averaged over the droplet vol-
ume. Let us suppose that the layer is formed by an
ensemble of polydisperse LC droplets having the
shape of spheres or spheroids with different circular
sections in the yz plane of the layer. We assume that
LC droplets do not penetrate into one another. We will
analyze the vv and v components of scattered light,
which are polarized parallel and perpendicular to the
polarization plane (E, k;) of incident wave, respec-
tively. In the experiment, the vv and vk components
are measured in parallel and crossed polarizer and
analyzer, respectively.

We consider the scattering geometry in which scat-
tering angle 6, can vary from —n to 1, and angle @, of
orientation of the scattering plane varies in the range
of 0—m.

For a disperse layer with small difference between
the refractive indices of LC and of the polymer matrix,
the mutual reradiation of LC droplets, i.e., multiple
light scattering, is negligibly weak, and we can use the
single scattering approximation also known as the
interference approximation [30] because it takes into
account the interference of waves singly scattered by
Vol. 124
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droplets in the far field zone. Then, we can write the
following relations for the vv and vA components of

scattered field, £, (R) and E,(R), at point of obser-
vation M with radius vector R, which is in the far wave
zone [30, 31]:

N
E}, (R) =Y E]""(R)exp(-ik, -r))
o (1)

=D E W”(R)Zexp( ~ik, -1}),

I=1 Jj=1
where E;” (R) are the field components at point M
scattered by the jth droplet, r; is the radius vector to its
center in the yz plane of the monolayer lis the type of
droplets, which depends on the areas of cross sections
of LC droplets by the yz plane of the monolayer; m is
the total number of distinguishable types of droplets;
and A, is the number of /-type droplets. In expression

(1), scattered field components E,”""*(R) for each
type / of droplets have the form

vV,V VV,Vi 'E' -
E'R) = f, ”’(ko’k—léexp(zkm, )

vv,vh

where f (k,) are the vvand v/ components of the
vector amplitude scattering function [30, 32] in the
direction of scattering wavevector Kk, for an individual
droplet of the / type, E;is the amplitude of the incident
wave, k= 21n,,/ A, n , is the refractive index of the bind-
ing polymer matrix, and A is the wavelength of light.

For intensity components 7, and I, of scattered
radiation corresponding to the vv and v# polariza-
tions, we can write

Ly = (Esy R, A3)

where the angle brackets denote averaging over the
positions of LC droplets in the layer.

vv,vh

Relations (1) and (2) imply that

2 m
| ES, () = LELL DR (k)
k R 1,1'=1 (4)
xZZexp[—zk (r - 1,

j=1 k=1

[T 3]

where the symbol indicates complex conjugation
of the components of the vector amplitude scattering
function. Separating the terms with j = kand / = [' in
the last expression and averaging over the positions of
LC droplets in the layer, we obtain
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s E,' 2 “ vV, Vv,
(2, AR = %NZ P, )P

vv,vh vv* Vh
(k) f k) Q)
k R 11'=1
N, N,
DD expl-ik, - (r; 1)
j=1 i=1
VEIRETE

The second term of this expression describes interfer-
ence of light scattered from the ensemble of LC drop-
lets in the far field zone.

The extent of the manifestation of the interference
effects depends on the mean value of the double sum
enclosed in the angle brackets in expression (5). We
can write it in the form [30, 33, 34]

N, N,
D expl-ik, - (r; —1;)]

=1 i=l
i 120 (6)
dl'{ drl
==L
= N*BE [ [Wite] xpexlik, - o 1=t L
AA
Here, I/V,,(r,-/', rjl-) are partial binary (two-particle) dis-

tribution functions [35, 36] characterizing the probabil-
ity of detecting droplets of the / and /" types with coordi-
nates of their centers at the points defined by radius vec-

N,/N is the partial fraction of LC

droplets of the / type, and Z:’;P, = 1. Substituting
expression (6) into (5) and separating the vv and vh
components [, and I, of coherently scattered light,
which are defined in terms of the mean field [30, 34]
Ly = KE 4y -4 (R))), we obtain the following expres-
sion for the second term in expression (5):

! I, —
torsr; andr; ; P, =

E
k’R?

ZﬁVVVh(k )f-lvv* Vh( S)

L1'=1

Ny Ny

D> expl-ik, - (r; —1,)]

j=1 i=l
j#i 1l

_|E[N?

— PP Vvvhk vv*, vh* 7
kR”ZI SR k) (D)

j j[Wu x/x)) = Nexplik, - (1] = r))]

dl‘l» dr.' s
X_JTI +|<Evv,vh(R)>|2'
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Considering that the spatial arrangement of LC
droplets is statistically homogeneous and isotropic

(functions I/V,,(rif , rjl-) depend only on the modulus of

the difference of vectors ri[' — rj{), we obtain the fol-
lowing expression from formulas (4)—(7) for the
intensity components /., and [, of light scattered by
the PDLC monolayer (expression (3)):

Lyon = Loy + 1o 8)

vv,vh vv,vh

In this relation,

inc |E |

SN Pk,
wvh = KR Z W

, om = )
E‘ Vv,V vv* vh* ]
+ | 21122 NZ PIP/fl h(ks)fl‘ ! (ks)[Sll'(ks) —1]
1,I'=1
are the intensity components of incoherently (dif-

fusely) scattered light and functions S,',-(ks) are partial
structure factors of the form [35]

Sy(ky) =1+ A_[[Wu-(r) —Ilexp(ik; - r)dr,  (10)

A
where A = N/A is the number density of droplets per

unit area, r =1, —r/ 7> r=|r|, and W) (r) are partial
radial distribution functions. These functions charac-
terize the conditional probability of detecting LC
droplets of various types at distance »in the yz plane of
the monolayer in contract to expressions (6) and (7),

in which quantities W,,-(r,-/' , r;) characterize the proba-

bility of simultaneous location of two LC droplets of

types [ and /' at points with coordinates rll. and r,.l'.
The average-field components that determine the

vv and vk components [, , of the coherent part of
the scattered radiation intensity in expression (8) have
the form

s lE . “ vv,vh N
E R)) = —Lexp(ikR ik )—L
(E () = —LexpUk R £, (k)=

= (11)
xj exp(—ik, - r)dr,
A

where the integrals over surface A4 differ from zero, as
shown in [30, 34], in the directions close to the direc-
tion of light incidence (k, = k;) within the angle of dif-
fraction divergence of the beam in directions close to
the strictly backward direction (k, = —k;). It should be
noted that, by taking into account the diffraction field
of the incident wave on contour A, using relations (11),

we can obtain the amplitude transmittances 7., , and
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reflectances Ry, ., of the PDLC monolayer for the vv
and vh average-field components [30, 34] as follows:

T 1——27”Pf,v"k =k,), (12)
=1

TS, = —%Z%P[ﬁ’h(ks - k), (13)

Ry ==2 3 R p ok, = k). (19)

=1

It can be seen from relations (9) and (10) that, to
analyze the angular distribution of the scattered radia-

tion intensity, we must determine components f;”" (Kk,)

and f,"h (k,) of the vector amplitude scattering func-
tion for an ensemble of LC droplets of various types /,
as well as the partial radial distribution functions
W, (r) and corresponding partial structural factors

S,',.(ks). In the general case, the solution of the prob-
lem of scattering by a monolayer is complicated and
cumbersome in view of the complexity of solution of
the problem of scattering by an individual LC droplet
upon a change in the configuration of LC molecules in
a droplet under the action of external factors, as well as
the complexity in the description of the spatial distri-
bution of LC droplets of various sizes in the PDLC
monolayer (see Sections 3 and 4).

For applications, it is convenient to transform rela-
tion (9) into the equivalent relation

inc E N VV,V) vv¥, v

I, = 'k' S (BB 1A (k)
1,1'=1 (15)

X185 + (AN [ W (r) = Texp(k, - rydr

A

where §;; are the Kronecker deltas (8, = 1 for /=1 and
d,=0for/#7), A;and A, are partial number densities
of droplets of the / and /' types per unit area, and
ZZI A, = A. The structural factors in expression (15)
are defined as follows [37]:

S (k) =8y + (A A" [ W)= Tlexp(ik, - r)dr.(16)

A

e n assume the form

VV,Vi

Then, the relations for /

Ixifrwlfc,vh
- VV,VI vv*, vh* (17)
; Z (PP )L (R DSy (K,).
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Comparison with Eq. (9) shows that this expres-
sion has a more visual form, which is convenient for
calculations.

The partial structural factors determined with the
help of relation (16) can be obtained (see Section 3)
from the solution of the generalized Ornstein—Zernike
equation [38—40]. Partial structural factors (10) and
(16) are related as follows:

' A
S;k)=1+——[S5,(k,)—-9,]. 18
/l( s) (AIAI,)1/2[ //( s) /[] ( )

Concluding the section, we note that expressions (9),
(10) (or (16), (17)) can be used to describe the angular
structure of scattered light and for 3D PDLC films. In
this case, the partial radial distribution functions
W, (r) describe an ensemble of LC droplets in the 3D
space. Then, we must evaluate the integrals in expres-
sions (10) and (16) over volume V instead of integrat-
ing over surface A. In this case, A, A;,, and A, denote
the number density and partial densities of droplets
per unit volume V.

3. ANALYTIC SOLUTIONS OF SCATTERING
PROBLEM: HARD DISK MODEL
AND SUBSTITUTION MODEL

In this section, we will obtain an analytic solution
to the problem of radiation scattering by monolayer
PDLC films containing polydisperse spherical or
spheroidal LC droplets with circular cross sections in
the yz plane of the monolayer. We will use the hard
disk model [37, 41] and the substitution model [35, 42,
43]. In determining partial structural factors Sj(k,)
(relation (16)), different types / and /' of LC droplets
correspond to different values of radii ¢; and c; of their
cross section by the monolayer plane.

To determine the partial structural factors, we write
the generalized Ornstein—Zernike equation [38]

Hyp(r) = Cur(r) + Y A [ Coyr) Hopo(x = )y, (19)
=1 A

where H,(r) = W, (r) — 1 is the total correlation func-
tion for each type of / and /" pairs of LC droplets; /, I' =
1,2, ..., m,and C;(r) is the direct correlation function.
Multiplying the left- and right-hand sides of Eq. (19)
by (A/A;)'/? and performing the Fourier transforma-
tion taking into account the fact that it contains inte-
grals of the convolution type, we find that

A(k,) = Ck,) + Ck YH(K,), (20)
where the tilde denotes the matrices of size m X m.

Their elements are functions H,.(k,) and C,.(k,)
defined in terms of 2D Fourier transforms as follows:

(k) = (A A" [, = Nexpik, - rdr, (21)
A
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Cirlk,) = (AN [ Curyexpk, - pdr.
A

(22)

Let us write expression (20) in the equivalent form

F+Ax)=1+Ck,)+Ck)II+Hk,)-11. 23)
Then, relations (16) and (21) yield

Sk =1 +Ck,)+Ck)ISk) 11, (24
where [ is the unit m X m matrix and § (k,) is the
matrix of partial structural factors Sy(k,).

Relation (24) shows that partial structural factors
Sy(k,) are defined by the matrix relation
Stk,) =11 - Ck)1™. (25)
Consequently, if we know functions C 1 (K,) defined

in terms of Fourier transforms (relation (22)) of direct
partial correlation functions Cy(r), relation (25) allows

us to define matrix S (k,) of partial structural factors
S;(k,) introduced in accordance with definition (16).

Using the analytic approximation for the 2D Fou-
rier transforms of direct correlation functions [37],
which was obtained using the Percus—Yevick approxi-
mation [35] for hard circular disks located on the
plane, we can write

Cu(k,) = (AA) 28, (K,), (26)
where

22J(ksinO,;)  22J,(ksinB;)
< . e,
ksinBc,

k) = X(Z)n ksin® c
sCl

| 2, - 27, (k sin 0 ¢ e 21k sinO.c;)
ksin ;.

: (27)

12me, - 20,k sin 0 ¢, e 21k sinO.¢))
ksin®c,

22J(ksin®(c; + c,,))}

ksinBO(c, +¢;)

"'X(O) |:TE(C1 +¢p)

In the latter relation, J, and J; are cylindrical first-kind
Bessel functions of the zeroth and first order, respec-
tively,

(28)

m -1
x(o) = [1 — ZA,nc,zJ ,
=1

m m -2
0) 1 2
=— A2me, |[1—- > Amc , 29
& 27-5(12:1: [ 1]( IZ=1: : IJ )
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I=1
m -3
x(l - ZA,nc,zj .
=1

It can be seen from relations (25)—(30) that partial
structural factors S (k,) in the model of hard disks for
a monolayer with spherical or spheroidal droplets
depend only on scattering angle 6. They are indepen-
dent of angle @, of orientation of the scattering plane
and are determined by the sizes of LC droplets (¢, and
¢;), partial number densities of droplets (A; and A;),
and number density A of droplets, which characterizes
their total number per unit area.

m -2 m 2
) 2 1
=A|l- > ATc +— A, 2mc
X [ Z me; J 275(2 I 2]
=l (30)

In the above-described analytic model of hard
disks, the angular structure of radiation scattered by a
monolayer of polydisperse droplets can be determined
using relations (16), (17), and (25)—(30).

To calculate the angular distribution of the inten-
sity of light scattered by the PDLC monolayer of mon-
odisperse LC droplets with the oriented structure of
their optical axes N;, we must set ¢, = ¢, = ¢ in expres-
sions (27)—(30), where c is the radius of the cross sec-
tion ¢ of droplets, 6 = 1c?. Then, from relations (27)—
(30), we obtain the following familiar expression [41]
for structural factor S(0,) for a monolayer of mono-
disperse spherical droplets as follows:

2J,(u)

(3D

2
n 2J,Qu) 4 o)
- 2u (I-m)

-1
{ n’_, o j(z.fl(u)jz}
2 3 ’
d-nm" d-m u
where u = kcsin0,, 1 = NG /A is the filling factor for the
PDLC monolayer, which is equal to the ratio of the
cross section of droplets by the monolayer plane to the
area over which these droplets are distributed. This
gives the following expression for scattered light inten-

S,) = [1 +

inc
vv,vh*

sity components [
1580 = € = 5 lfeern(®,000S0). (32)

Here, C = AF 1.2/R2 is the normalization constant, and
components f,.,, ,,(6;, ;) of the vector amplitude scat-
tering functions are defined in terms of amplitude

scattering matrix elements [21, 30, 43] S,/ =1, 2, 3,4
as follows:
fvv(es’ (ps) = SZ(es’ (pS)COSZ(OC - (ps)
+8,(6,,9,)sin’(a. - ¢,) (33)

+%{S;(es,cps) +5,(0,,9,)Isin[2(@ - ¢,)],
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Fun®,9,) = S50,,¢,)sin’ (0 — @,)
_S4(esﬂ (ps) COSz((X - (ps)

+%[S2<es,q>s>—S1<es,<ps>1sin[2<a — 0,1

(34)

In these relations, o (see Fig. 1) is the polarization
angle of incident light (angle between polarization
vector E; of the incident wave and the y axis along
which optical axes N; of LC droplets are oriented).

It should be noted that, according to the results of
calculations [30, 34, 35], analytic formulas (27), (31)
in the hard disk model yield admissible results for the
layer filling factor n < 0.5—0.6.

With a layer filling factor of n < 0.4, the analysis of
the angular structure of light scattered by the PDLC
monolayer can be carried out using the substitution
model [35, 42—44]. It presumes that the transposition
of any two droplets does not change the spatial config-
uration of the entire ensemble, but imposes certain
limitations on the concentration of droplets in the
layer and their polydispersity.

In the substitution model, for partial structural fac-

tors S ,',,(ks) (relation (10), we must assume that

Sp(k,) = S,,(0,), (35)

where S,,(0,) is the value of structural factor (31) aver-
aged over the radius ¢ of LC droplets. On the basis of
relation (9), we can then obtain the following expres-
sion for the vv and vh components of intensity of
radiation incoherently scattered by a monolayer of LC
droplets [43]:

I‘iflzlcv (esi s) :CLK Vv,V (esa s)2>
vh ¢ (G>k2 If. vh 0,

Kf a0, @ (S,,(8,) = D],

where (G) is the mean value of the section of droplets
by the monolayer plane, the filling factor is n =
N(c)/A, and angle brackets indicate averaging over the
sizes of LC droplets and the orientations of their opti-
cal axes.

(36)

Assuming that the internal structure of droplets is
the same and their optical axes N, lie in the yz plane of
the layer and are distributed uniformly over orienta-
tion angles @, relative to the y axis of the laboratory
system of coordinates, we obtain the following expres-
sions for the mean values of the vector amplitude
function components and the squares of their moduli
appearing in relation (36):

(fre(8,,0,)) = (S,(8,,9,))cos’ (. — @, — §,)
+(S1(8,,0,)sin (0 — @, — 0,)
+§<[S3(es,<ps) +5,(0,,9,)Dsin[2(c — @, — ¢,)],

(37)
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(fon®,,9,)) = (S50, 9, Nsin’ (0 — @, — 9,) sin*(o — @, — ¢ )
—(54(0,,9,))cos’ (L — @, — ) (38) = g - %cos[zw — ¢,)kinc(29,) (45)
1 -
+5<[S2(ex’ (ps) - Sl(es’ (px)]>81n[2(0(‘ -0, — (pd)]a +éCOS[4(a _ (Ps)]Sil'lC(4(Pm),
vv ? = S 2 4((1 — Vs T )
U =5l c0s (002 6. = 0 Sin’[2(e — ¢, — 9]
+(S)sin* (o - 9, — ¢,) (46)

+i<[SIS§ + 8,8+ (S5 + S, (S +SDD

xsin’[2(c — @, — 9,)]

1 ) o (39)
+((S3 + 58 + 5285 + 50D

x(2sin[2(0 — ¢, — @)1+ sin[4(0. — ¢, — )}
+§<[(S3 +S)SF +S,(SF+ 5D

X2sin[2(00 = @5 — @ )| = sin[4(0 — @, — @ ) I},

<lfvh|2> = <|53|2>Si“4(0c -0, —9,)
+<|S4|2>COS4(0‘ -0, —0Q,)
+i<{<sz —S) (ST =St - 8,8F - 8,87

xsin’[2(c. — @, — ¢,)]

1 : o (40)
_§<[(52 —SDS; + 848, -5

X {2Sin[2(0 — @, — @)1+ sin[4(0 — @, — )}
+é<{<sz — S)ST + 8,55 -5

X{2sin[2(0 — @, = ¢,)] = sin[4(0 — @, — @ ) |}

Here, the bar over expressions indicates averaging over
azimuthal angle @, and angle brackets on the right-
hand sides indicate averaging over radius ¢ of the cross
section of the LC droplet.

In relations (37)—(40), we have

cos’ (0 — @, — ¢,)
1 i (41)
= 5{1 + cos[2(a — @) sinc(29,,)},

sin’(o. — @, — @ )

1 ' (42)
= 5{1 - COS[2(O€ - (ps)151nc(2(pm)}a

sin[2(o — @, — ¢,)] = sin[2(a — @) kinc(2¢,,), (43)

cos* (0 — ¢, — ¢,) = > + Lcos2(a - ) kinc(2,,)
+écos[4(oc — @, kinc(g,),
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_ %{1 — cos[4(a — @) sinc(49,,)},

sin[4(00— @, — @ )] = sin[4(a — @) Jsinc(4,,), (47)

where @, is the maximal azimuthal angle of deviation
of optical axes of droplets relative to the y axis of the
laboratory system of coordinates and sinc(x) =
sin(x)/x. The optical axes of the droplets are oriented
along the y axis for @,, = 0 and at random for ¢,, = 7.
For 0 < ¢,, <, the optical axes of the droplets are ori-
ented partly. Relations (41)—(47) characterize the ori-
entational structure of the PDLC monolayer.

The substitution model (relations (36)—(47))
makes it possible to analyze the angular distribution of
the intensity of radiation scattered by monolayer
PDLC films depending on the optical characteristics
of droplets, their concentration, polydispersity, and
orientation of the optical axes. For this purpose, we
must determine elements S; (j = 1, 2, 3, 4) of the
amplitude scattering matrix that appear in relations
(37)—(40) and average them over the sizes of LC drop-
lets.

4. ANOMALOUS DIFFRACTION
APPROXIMATION: SMALL-ANGLE
SCATTERING OF LIGHT BY LC DROPLET
WITH ARBITRARY INTERNAL STRUCTURE

In this section, we describe the anomalous diffrac-
tion approximation [45] as applied to the determina-
tion of the amplitude scattering matrix for a spheroidal
optically anisotropic LC droplet with an arbitrary
internal structure [27]. This approximation makes it
possible to analyze the characteristics of radiation
scattered by an optically soft large LC droplet into
small angles determined by the relation 2kcsin?(0,/2) <
0.5 [46].

Using the anomalous diffraction approximation,
we determine the scattered light field in the far-field
zone as a result of diffraction by a plane amplitude—
phase screen, which approximates a scatterer, with a
complex transmittance matrix defined on the projec-
tion of the scatterer onto the plane orthogonal to the
direction of light incidence [22, 45].

Let us suppose that a droplet is illuminated along
the x axis (Fig. 2). Using the results obtained in [47],
Vol. 124
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Fig. 2. Schematic representation of (a) an LC droplet and (b) its volume element AV: n(r) is the local director of volume elements

AV at the point with radius vector r; x;,,

and x,,, are the input and output coordinates of the wavefront on the surface of the LC

droplet; k; is the wavevector of the incicFent wave; 0 and ¢ are the polar and azimuthal angles of orientation of local director n(r);
e, and e, are the unit vectors of polarization of the ordinary and extraordinary waves in volume element AV n,, ny, and n, are the

Cartesian coordinates of local director n(r).

we can write the following expressions for amplitude
scattering matrix elements S; (j = 1, 2, 3, 4):

2
510,00 =5 [I1-T(1.2)]

(48)

xexpl—i(kycos @, + kzsin ¢,)sin 0,]dydz,
_ko _

520,90 =" 2cosO.[I-T.001 40

xexp[—i(kycos @, + kzsin @,)sin 0,]dydz,
__ko

810000 === CcosO [Tina) g

xexpl—i(kycos @, + kzsin ¢,)sin 0,]dydz,
__ko
510,90 === 2 [Ty(2.2) 51
(&

xexpl—i(kycos @, + kzsin @,)sin 0,]dydz,

where 7" is the 2 x 2 Jones matrix [48, 49] of the equiv-
alent amplitude—phase screen.

Jones matrix 7 depends on the internal structure of
LC droplets and is defined as [26, 27, 44]

A T, Ty Te?
T = _ R or .
"o (T‘t(y’z) Tl(y,z)j [I R'0PRX),(2)

X=Xinp(¥,2)

where

Xinp = —€ay1 = (¥ + %)/,
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Xy = +eay1— (y2 + zz)/c2

are the input and output coordinates of the wave front
on the LC droplet surface (Fig. 2a); € is the anisometry
parameter equal to the ratio of the semiminor axis a of
the droplet (along the x axis) to the semimajor axis ¢
(in the yz plane); € = a/c (¢ = 1 for spheres); P is the
matrix determined by local phase shifts for the
extraordinary and ordinary waves, R(x) and R7(x) are
the matrices of coordinate transformations over the
tract of local bases;

B explik(n,(r)/n, —1)Ax] 0
r ‘( 0 exp[ik(n,,/np—l)Ax]j’(53)

RO = cos[p(r) — @,] —sin[@(r) — @]
~ {sin[o(r) — ¢,] cos[o(r) —¢,]

r (coslem —o.] sinfe(r) - g,]
— 55
R0 [_Sm[(p(r) — 0] coslor) - cps]j’ (55)

n,(r) is the local refractive index of volume element AV
at the point with radius vector r for the extraordinary
wave, the direction of the polarization vector of which
is determined by unit vector e, (see Fig. 2b); n, is the
local refractive index for the ordinary wave, which is
polarized along unit vector e, is independent of coor-
dinates x, y, z, and is equal to refractive index n | for the
ordinary wave in the LC; Ax is the longitudinal size of
volume element AV of a droplet along the direction of
illumination, within which the orientational structure
of LC local director n(r) is assumed to be homoge-
neous and determined by only the molecular order

J, (54)
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parameter [1, 2]; and ¢(r) is the azimuthal angle of
orientation of the local principal plane

I’l”nL
\/nH2 cos’ o(r) + ni sin’ 0(r)
n”nl

2 2 2 2\’
\/anx +n.(1-ny)

n,(r) =

(56)

cos[Q(r) — @] = (n,cos @, + n,sin@,)/y1 - ni, (57)
sin[Q(r) — @,] = (1, cos @, —n, sin @,)/1 - nZ. (58)

In these expressions, 6(r) is the polar angle of the ori-
entation of local director n(r) (see Fig. 2); nj is the
refractive index for the extraordinary wave in the LC;
and n,, n,, and n, are the Cartesian components of
local director n(r) at the point with radius vectorr.

Relations (48)—(58) make it possible to analyze
small-angle light scattering by LC droplets with an
arbitrary structure of the vector field of local director
n(r) in the bulk of an LC droplet. The method of deter-
mining the distribution of field director n(r) will be
described in the next section.

5. CALCULATION OF DIRECTOR FIELD
CONFIGURATION

The distribution of the field director in a LC drop-
let is determined by the following factors [2, 15]: (i) the
balance between the intermolecular interaction in the
LC, which leads to molecules ordering typical of the
given LC phase; (ii) the interaction with the polymer,
which leads to the orientation of LC molecules along
the boundaries of the droplet (tangential boundary
conditions) or perpendicularly to them (normal
boundary conditions) depending on the interfacial
boundary conditions on the surfaces of droplets; and
(iii) the external electric (or magnetic) field applied to
the PDLC film, which orients the LC molecules. Mol-
ecules in an LC droplet are oriented so as to ensure the
free energy minimum.

We calculate the orientational ordering of local
director n(r) in the bulk of an LC droplet of a nematic
using the procedure of minimization of free energy
density F. In the single-constant approximation [1, 2,
28, 50—52], we have

F:Fel-"—Fe’ (59)

where F, is the elastic deformation energy density,

F, = %K[ (diva(r))? + (curln(r))?], (60)
and

F, = J¢(E-n(r)’ (61)
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is the free energy density associated with the action of
the external control electric field with field strength
vector E.

In relations (60) and (61), K'is the mean value of the
elastic modulus, € = gAe, g, = 8.85 x 10712 C?/(N m?)
is the electric constant, and Ae is the dielectric anisot-
ropy of the LC.

In calculating the orientational structure of LC
droplets with nonuniform surface anchoring, we can
disregard the electric contribution to free energy den-
sity F, [53, 54] due to the screening of external control
field E by spatially separated surfactant ions. Using
expression (60), we obtain the following relation for
the distribution of local director n(r) corresponding to
the free energy density minimum:

KAn(r) = 0.
Here, A is the Laplace operator.

For solving Eq. (62) and for determining compo-
nents n,, n,, and n, of local director n(r) in the Carte-
sian system of coordinates, we have used the differ-
ence scheme of calculations [26]. The technique for
calculating the internal orientational structure of an
LC droplet involves the following procedures:

(i) first, a certain (initial) orientation of the director
in the bulk of the droplet is specified;

(ii) the volume of the droplet is divided into cells,
and the orientation of local director n = n(r) is deter-
mined;

(iii) the iteration procedure (relaxation method) is
used, in which the orientation of the longer axes of
molecules in the LC droplet is directed along the nor-
mal (normal boundary conditions) and along the tan-
gent (tangential boundary condition) to the surface.

Figure 3 shows the schematics of the section of a
spheroidal LC droplet by a plane perpendicular to the
plane of the layer. To quantitatively estimate the
degree of nonuniformity of surface anchoring of the
LC with the polymer matrix, we use parameter w (see
Fig. 3). It characterizes the size of the region of the
droplet with normal surface anchoring. It should be
noted that the values of w = 0% and 100% correspond
to uniform surface anchoring on the LC—polymer
interface. For w = 0%, only tangential anchoring takes
place, and a bipolar LC configuration is formed in the
droplet. For w=100%, only normal anchoring occurs,
and the internal orientational structure of the droplet
is radial. For other values of w, the LC configuration in
the droplet is more complex [28, 53, 54].

Parameter w depends on the internal control field
[26]. Its variations lead to change in the internal struc-
ture of droplets and, accordingly, in their optical char-
acteristics, as well as the characteristics of the entire
PDLC layer. As noted above, the field in a droplet is
equal to zero due to screening by the surfactant. Opti-
cal axis N of a droplet (see Fig. 3) is perpendicular to
the surface that divides the droplet into regions with

(62)
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Fig. 3. Schematic diagram of the section of an LC droplet
with nonuniform anchoring by the xy plane. Parameter w
characterizes the fraction of the droplet surface with nor-
mal (homeotropic) anchoring; a and ¢ are the semiminor
and semimajor axes of the droplet; N is the optical axis of
the droplet; and k; is the wavevector of the incident wave.
Dashed curve shows the orientation of the longer axes of
LC molecules on the droplet surface (along the normal
and along the tangent).

different anchorings of LC molecules with the poly-
mer. The +N and —N directions are nonequivalent
because regions of the droplet with different anchor-
ings are determined by the direction of the control
electric field vector E. To reverse the orientation of the
optical axis of the droplet, we must change the polarity
of the control field.

It should be noted that the +IN and —N directions
for an LC droplet with uniform tangential surface
anchoring and with the bipolar configuration of the
local director are equivalent [2]. It should also be
noted that LC droplets with a nonuniform surface
anchoring are precisely Janus particles [55, 56] with
controllable properties.

6. EXPERIMENTAL VERIFICATION

In this section, we compare the results of theoreti-
cal and experimental data for the small-angle structure
of light scattered by a PDLC monolayer that consists
of polydisperse spheroidal LC droplets with a uniform
tangential anchoring and bipolar intrinsic configura-
tion of the local director. To compare the results, we

have used experimental dependences 1j,“°(es) and

\4

11"(8,) of the intensity of light scattered in a mono-
layer PDLC film for the incident light polarization
angle oo = 0 and the angle of orientation of scattering
plane @, = 0. The composite film was prepared based
on 5CB nematic LC with refractive indices n, = 1.531
for the ordinary wave and n = 1.717 for the extraordi-
nary wave at wavelength A = 0.633 um [44]. The
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refractive index of the polymer in the prepared sample
was n, = 1.522. The filling factor was 1 = 0.23. The
optical axes of LC droplets were predominantly in the
plane of the monolayer PDLC film, and their orienta-
tion in the plane of the film was chaotic (@,, = ) in
relations (41)—(47)). The mean diameter of droplet
cross sections in the plane of the film was 13.5 um (the
values of the droplet diameter in the sample varied
from 6 to 20 wm). The number of LC droplets with a
diameter of the cross section in the range 13.5 *
2.5um was about 73% of their total number. The
oblateness of the droplets (shape anisometry parame-
ter €) was approximately 0.7.

In our experiments, a nonpolarized beam from a
He—Ne laser (LASOS, A = 632.8 nm) passed through
the polarizer and was incident along the normal to the
sample surface. Scattered light passing through the
analyzer and the diaphragm was registered by a photo-
detector. The diaphragm size was chosen for averaging
the speckle structure and for measuring the angular
distribution of the scattered light intensity compo-
nents with a small aperture angle of detection.

The experimental and calculated dependences for

inc inc

components /., (0,) and 1, (6,) of the scattered light
intensity are shown in Fig. 4. The calculations were
performed using above expressions (48)—(58) and (62)
on the basis of the substitution model (relations (36)—
(47)). In numerical calculations, polydispersity of LC
droplets was taken into account using the measured
histogram of the distribution for radius ¢ of the LC
droplet cross section and for the same value of
anisometry parameter € = 0.7. Figure 4 clearly shows
good agreement between the experimental and theo-
retical data.

7. NUMERICAL ANALYSIS
OF THE SMALL-ANGLE DISTRIBUTION
OF SCATTERED LIGHT INTENSITY:
ASYMMETRY EFFECT

In this section, we consider the results of calcula-
tions that illustrate the variations in the structure of
radiation scattered into small angles by an individual
LC droplet depending on its size, anisometry, and
intrinsic configuration of the director field. We ana-
lyze the effect of orientation angle @, of the polariza-
tion plane and polarization angle o of incident light on
the characteristics of scattered radiation. For mono-
layer PDLC films, we analyze the effect of sizes,
polydispersity, and concentration of LC droplets on
the angular distribution of the scattered light intensity.
We also analyze the effect of asymmetry [27—29] of
the small-angle distribution of the scattered light
intensity over scattering angle 6, (the essence of this
effect was described in Introduction). It will be shown
that the polydispersity of LC droplets and disorienta-
tion of their optical axes do not suppress the asymme-
try effect. Main attention will be paid to analyzing the
Vol. 124
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vvcomponent of scattered light intensity /.. For the

vh component /,,°, analogous qualitative tendencies
are observed.

The 7, ., components of the intensity of radiation
scattered by an individual LC droplet can be deter-

mined using the relations

[xiv,vh(es’ (ps) = C%vav,vh(esa (ps)|25 (63)
ok
which follow from expressions (2) for the scattered field
in the far wave zone. In expression (63), normalization
constant C is defined in the same way as in expression
(32); the components f,, .,(6;, @) of the vector ampli-
tude scattering function (expressions (33), (34)) are
determined using relations (48)—(51) for the ampli-
tude scattering matrix elements Sy(0,, ¢,),/ =1, 2, 3, 4.

Figure 5a shows the I, component of the intensity
of radiation scattered by an individual spherical drop-
let of radius ¢ = 5 um for zero values of polarization
angle o and scattering angle @,. The calculations were
carried out for different values of parameter w (see
Section 5) characterizing the fraction of the normal
and tangential anchoring. All calculations were per-
formed for SCB LC (n, = 1531, nj = 1717, A=
0.633 wm).The refractive index of the polymer matrix
was assumed to be equal to the refractive index of the
ordinary wave in the LC (n, = n,).

It can be seen from Fig. 5a that, for w = 0 and
100%, the angular distribution of the scattered light
intensity is symmetric in scattering angle 6, relative to
the strictly forward direction of scattering (6, = 0).
These conditions (w = 0 and 100%) correspond to uni-
form surface anchoring for droplets with bipolar and
radial configurations of local director n(r). In the case
of nonuniform anchoring, for w =25, 50, and 75%, we
observe a shift in the positions of main peaks in the
angular distribution of scattered radiation intensity
relative to direction 6, = 0 and asymmetric arrange-
ment of other peaks; i.e., asymmetry effect in the scat-
tered light intensity distribution in scattering angle 6, is
observed. The strongest displacement of the main
peak is observed forw = 50%, i.e., when the fraction of
normal and tangential boundary conditions on the
surface of an LC droplet are identical.

Figure Sb illustrates the asymmetry contrast K,. We
define it as the ratio of the difference of intensities

I, (8)—1I.,(—6,totheirsum 7. (6,) + I. (—6,). For
homogeneous boundary conditions (w =0 and 100%),
it is equal to zero, while for inhomogeneous condi-
tions, it varies from —1 to +1. Negative values of the
contrast correspond to stronger scattering to the left
from the strictly forward direction, while positive val-
ues correspond to stronger scattering to the right,
where normal boundary conditions are observed.
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Fig. 4. Theoretical (curves) and experimental (symbols)
dependences of components [ ",2,0 (1) and [ ‘l,r},c (2) of the
intensity of light scattered by the PDLC monolayer on the
scattering angle 6, for oo =0, ¢, =0, n = 1.717, n; = 1.531

(A=0.633 um), n, = 1.522, and n = 0.23.

Figure 6 shows scattered light intensity component

I, .(0,) for w= 50% and different values of ¢, and o.
Figure 6a illustrates the angular structure of scattered
light intensity for zero polarization angle (o = 0). It
can be seen that (i) the asymmetry effect disappears

for @, = 45°,90°, and 135°; (ii) intensity curves /. (8,)

for @, = 45° and ¢, = 135° coincide; (iii) the 7.(8,)
curves for ¢, = 0 and ¢, = 180° are specularly symmet-
ric relative to the strictly forward direction of scatter-
ing (6, = 0). These results are a consequence of the
symmetry properties of the internal structure of an LC
droplet for w = 50% and nonequivalence of the +N
and —N directions for the optical axis of the droplet
with nonuniform anchoring.

A slightly different situation (Fig. 6b) takes place
for different values of polarization angle o and a con-
stant angle @, the asymmetry effect is observed for
o =45° and 135° and disappears only for o. = 90°. For

o= 0and 180°, the /. (8,) curves coincide and are not
specularly symmetric.

The effect of the size of spherical droplets and of
anisometry parameter for spheroids oblate in the
direction of light incidence on the angular structure of
the vv component of the scattering light intensity is
illustrated in Figs. 7a and 7b, respectively. It can be
seen that no clearly manifested tendency in the
enhancement or suppression of the scattering asym-
metry effect is observed with decreasing droplet
radius ¢ (for spheres) or anisometry parameter € (for
Vol. 124
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Fig. 5. Dependences of (a) scattered light intensity component 7., and (b) of asymmetry contrast K, on scattering angle 6, for a
spherical LC droplet with uniform and nonuniform anchoring for different values of parameter w. Droplet radius ¢ = 5 um, @, =

0, n=1.717, n;, = 1.531 (A=0.633 um), n,=n.
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Fig. 6. Components /...(8,) of intensity of light scattered by a spherical LC droplet for (a) different values of angle ¢ of orienta-
tion of the scattering plane and (b) different values of polarization angle o of incident light for ¢4 = 0. Droplet radius ¢ = 5 um,

parameter w = 50%, my = 1.717, n; = 1.531 (A= 0.633 um), n, = n,.

spheroids). The effect is weaker in some cases and
stronger in other cases. In the ranges of sizes and
anisometry of a LC droplet in the anomalous diffrac-
tion approximation considered here, the asymmetry
effect is manifested most clearly for a spherical droplet
with radius ¢ = 5 um. It can also be seen from Fig. 7a
that, with the decreasing size (radius c¢) of an LC drop-

let, the 1. _(0,) component of the scattered light inten-
sity becomes more diffusive as expected [32, 45]. As
can be seen from Fig. 7b, a decrease in anisometry
parameter € for € < 0.7 conversely leads to the elonga-
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tion of the scattering indicatrix in the forward direc-
tion.

Thus, the main reason for the small-angular scat-
tering asymmetry effect is the nonuniformity of sur-
face anchoring of an LC droplet with the polymer
matrix. The extent of the manifestation of this effect
depends on the size of the droplet, anisometry of its
shape, and conditions illumination and observation of
scattered light. This effect is of the interference origin
and can be explained on the basis of the Huygens—
Fresnel principle [31] if we consider an LC droplet to
be a flat screen (Fig. 8).
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Fig. 7. Influence of (a) spherical LC droplet radius c and (b) anisometry parameter € of a spheroidal LC droplet with ¢ =5 tm on

the asymmetry of angular distribution 7..,(,) of the scattered light intensity component: w = 50%, o. = 0, ¢, = 0, m=1717,n, =

1.531 (A=0.633 um), n, = n,.

Vi A0 A,

Fig. 8. Schematic diagram of the xy section of a droplet for explaining the asymmetry effect in scattering of the extraordinary wave
with the y polarization (w = 50%); k; is the wavevector of the incident wave; —6, and 6, are the scattering angle relative to the
direction of incidence of light. The fronts of secondary waves emerging from the points with coordinatesy =0,y =y, andy =y,

are denoted by Roman numbers I, 11, and I11I.

Figure 8 shows the geometry for a droplet with w =
50%, which explains the scattering asymmetry for the
extraordinary wave with the y polarization. The figure
shows three fronts of secondary waves that emerge
from points with coordinatesy =0,y =y, andy =y,,
respectively, from the center of the droplet on the left
and right of the xy plane dividing the droplet into
regions with tangential and normal surface anchoring.
The front of the secondary wave for the point with
coordinate y = 0 is not spherical in view of the differ-
ence in the refractive indices of the LC droplet for y <
0 and y > 0. In a certain time interval Af, the front
reaches coordinates y, and y,, which are not equal in
absolute values. Over the same time interval, spherical
fronts of the secondary waves emerging from points y,
and y, are formed. As can be seen from Fig. 8, phases
differences A; and A, for the wave normals along lines
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1,, 2,and 1,, 2, (on the left and right of the x axis) for
angles —0, and 0, are different (A; # A,). As a result of
interference of secondary waves 1, with 2, and 1, with
2,, the corresponding intensities /(—6,) and 1(0,) are
also different.

Figure 9 illustrates scattering of light by an ensem-
ble of LC droplets with nonuniform anchoring; the
results of calculation of the intensity component /1"
of light scattered by a monolayer monodisperse PDLC
film containing spherical LC droplets are plotted for
different values of their radius ¢ and layer filling
factor 1. The calculations were performed using rela-
tion (32).

Comparison of Figs. 9a—9c shows that, with
increasing concentration of droplets (filling factor n),
the asymmetry effect becomes stronger. Under certain
conditions determined by the sizes of LC droplets and
Vol. 124
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Fig. 10. Structural factor S(6,) of a PDLC monolayer of
monodisperse LC droplets for different values of their
radius c. Filling factorisn = 0.5.
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Fig. 11. Effect of polydispersity of LC droplets and dis-
orientation of their optical axes in a PDLC monolayer on
the effect of asymmetry in light scattering: (/) monolayer
of monodisperse LC droplets with oriented optical axes
(D./{c) =0, @,, = 0); (2) monolayer of monodisperse LC
droplets with oriented optical axes (D./{(c) = 0.2, ¢, = 0);
(3) monolayer of monodisperse LC droplets with ori-
ented optical axes (D./{(c) = 0.2, ¢,, = 180°); (4) mono-
layer of monodisperse LC droplets with disoriented opti-
cal axes (D./{c) =10, ¢,, = 180°); w=50%, . =0, ¢, =0,
n=0.3,n=1717,n; = 1531 (A =0.633 um), n,=nj.
Modal radius of droplets ¢,, = 5 um. The inset shows
probability density P of the distribution of LC droplets
over radius ¢ used in calculations (gamma distribution)
for D./{c)=0.2, c,, =5 um.
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(a)

LOIKO et al.

Fig. 12. Angular distributions of components (a) 15,v(es, @) and (b) 15,,(es, ¢,) of intensity of light scattered by an individual LC

droplet, as well as (c) 1;‘},°(es, @) and (d) I‘i,r},c(ﬁs, @) of the intensity of light scattered by a PDLC monolayer of monodisperse
LC droplets. Filling factor = 0.5. Droplet radius ¢ = 5 um, oo = 0, w = 50%, nj =1.717, n; = 1.531 (A= 10.633 um), n,=nj.

their concentration, it becomes more clearly mani-
fested. This is a consequence of the manifestation of
interference effects in light scattering by the ensemble
of LC droplets in the film. The intensity of the redis-
tribution of the scattered light due to interference,
which determines the extent of manifestation of the
asymmetry effect in scattering by the PDLC mono-
layer, depends on structural factor .S (see Section 2).
For a monolayer of monodisperse droplets, it is
described by relation (31) and is illustrated in Fig. 10.
It can be seen from the figure that the number of oscil-
lations of function S(0,) depends on the size of LC

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

droplets, which in turn determines the number of
asymmetric maxima and minima on the /.
for different sizes of droplets.

(6,) curve

The effect of polydispersity of droplets and disori-
entation of their optical axes on the angular structure
of the intensity of light scattered by the PDLC mono-
layer is illustrated in Fig. 11. The calculations were
performed using the substitution model on the basis of
relations (36)—(47). The polydispersity of droplets is
taken into account using the gamma distribution [30]
of probability density P(c) of droplets over radius c as
follows:

Vol. 124

No.3 2017
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Fig. 13. Angular distribution I,,p(GS, @) of the intensity of

light scattered by a PDLC monolayer of monodisperse
spherical LC droplets under illumination by nonpolarized
radiation. Filling factor n = 0.5. Droplet radius ¢ = 5 um,
w=50%, n|=1717, n; = 1.531 (A=10.633 um), n,=nj.

-+l
Py =< exp(ﬂj,

(64)

T +1)ch™
where L is the parameter of the distribution, I' is the
gamma function, and c,, is the modal (most probable)
droplet radius. Modal radius c,, and parameter L are
connected with mean value {c) of the radius of droplets
and variation coefficient D,/{c), respectively, where D,
is the standard (mean-square) deviation as follows:

Cm

w=——(), (65)
n+1
w=1/(D, /)’ —1. (66)

Figure 11 shows the results of calculation of 7.%(8,)
for PDLC monolayers that contain monodisperse and
polydisperse droplets for ¢,, = 5 um and for different
variations in the optical axes of the droplets, which are

determined by angle ¢,, (see Section 3).

It can be seen from the results of calculations that
the polydispersity of droplets and the disorientation of
their optical axes do not lead to disappearance of the
effect of asymmetry of light scattering under investiga-
tion. This is due to the fact that directions +N and —N
of the optical axis of a droplets with nonuniform
anchoring are not equivalent.

The asymmetry effect considered here is visually
illustrated in Figs. 12 and 13. Figures 12a and 12b show

components /1, (6,, ¢,) and I.,(0,, @,) of the intensity
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of light scattered by an individual LC droplet (expres-
sion (63)) for scattering angles —8° < 6, < 8° and 0 <

. < 180° in the case when the layer is illuminated by
polarized radiation with polarization angle o = 0.
Brighter regions in the figures correspond to higher
intensities. The y axis of the laboratory system of coor-
dinates is directed along the horizontal, while the z
axis is directed along the vertical. The calculations
were performed for w = 50% and n, = n, for SCB LC.

Figures 12c and 12d show components / f,?f(ﬂs, ¢,) and

1.,0(6,, @,) of the intensity of light scattered by the
PDLC monolayer (expressions (32)) for filling factor
n = 0.5. It can be seen that, in contrast to uniform
anchoring [43, 57], no central symmetry is observed in
the angular structure of radiation scattered by the layer
with nonuniform interfacial anchoring.

The asymmetry effect is also manifested when a
PDLC monolayer with nonuniform interface anchor-
ing is illuminated by nonpolarized monochromatic
radiation (Fig. 13). Figure 13 shows the intensity
1,,(6,, ¢,) of scattered radiation for nonpolarized inci-
dent light,

1,,6,,0,) = %{(A‘f(es,cps) +10,,0,)q
+(Ixifrxl/c(es: (Ps) + Ixi/r;tc(em (ps))azn/Z] .

This relation was obtained from expression (32) by
averaging over polarization angle o with a uniform dis-
tribution in the range from 0 to 2w. The values of
1,,(6,, ¢;) shown in Fig. 13 were calculated for the
mnc

vv,vh

(67)

same parameters as for /
and 12d.

(8,, ;) shown in Figs. 12¢

8. CONCLUSIONS

We have developed the methods for the descrip-
tion and numerical simulation of the angular distri-
bution of the intensity of radiation scattered by a
PDLC monolayer with uniform and nonuniform
interfacial anchoring using the interference approxi-
mation. We have considered the results of calcula-
tions that illustrate the change in the structure of
radiation scattered within small angles that depend
on the internal structure of LC droplets, their con-
centration, sizes, polydispersity, and anisometry. We
have analyzed the intensity of scattered light depend-
ing on the conditions of illumination and detection
of scattered light.

The methods developed here have been verified
experimentally.

We have demonstrated the possibility of realizing
the electrooptical effect of asymmetry in the small-
angle structure of light scattered in the PDLC mono-
layer with nonuniform interfacial boundary condi-
tions.
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The results of this study can be used in developing
electrooptical devices based on LC films dispersed by
a polymer (amplitude and phase modulators of light,
polarization transformers, displays, etc.) in which the
optical response is determined by the variations in the
LC configuration under the action of external factors.
In particular, these results are applicable in designing
devices for masking optical information.
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